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ABSTRACT 
Shade avoidance response to the reduced ratio of red:far-red (R:FR) light was studied 
in a white aspen Populus alba clone 'Bolleana' using two filter systems: a clear plastic filter 
system that allows a R:FR ratio less than 1.0 to pass from adjacent border plant reflection; 
and a special commercial plastic that blocks FR light and creates a R:FR ratio above 3.0. 
The response to low R:FR The reduced R:FR signals enhanced the stem elongation in 
response to competition at the expense of relative stem diameter growth. Trees grown inside 
clear chambers were 27% taller and 22% heavier in stem dry weight than trees grown inside 
the FR-blocking filter chambers. Stem taper of clear chamber trees was 16% less than the 
FR-blocking filter trees. Low R:FR also induced 13% greater petiole length per leaf 
compared to the FR-blocking filter trees. 
The immutans (im) variegation mutant of Arabidopsis has green and white leaf 
sectors due to the action of a nuclear recessive gene. IM is a chloroplast homolog of the 
mitochondrial alternative oxidase. The ghost (gh) variegation mutant of tomato bears 
phenotypic similarities to im. We show that the im and gh phenotypes arise from mutations 
in orthologous genes. Structural analyses reveal that AOX, IM and GH are RNR R2 di-iron 
carboxylate proteins with perfectly conserved Fe-coordinating ligands that define a quinol-
binding catalytic site. IM has a global impact on plant growth and development and that it is 
V 
required for the differentiation of multiple plastid types. IM transcript levels do not 
necessarily correlate with carotenoid pool sizes, raising the possibility that IM function is not 
limited to carcinogenesis. Leaf anatomy is radically altered in the green and white sectors 
of im. The green im sectors have significantly higher than normal rates of O? evolution and 
significantly elevated chlorophyl a/b ratios, typical of those found in "sun" leaves. We 
conclude that IM and GH are plastid quinol oxidases that act downstream from a quinone 
pool to dissipate electrons in plastids. In addition, im interrupts plastid-to-nucleus signaling 
pathways that control Arabidopsis leaf developmental programming. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
Due to funding circumstances and a desire to explore different areas, I worked on 
three different plant systems. I used a tree system to study the growth changes in response to 
altered light condition. Herbaceous plants (tomato and Arabidopsis) were used to learn 
molecular techniques, interpretations, and knowledge. This dissertation consists of five 
chapters, three of which are formatted for submission to specific journals. Chapter 1 is a 
general introduction that reviews the literature pertinent to the research performed. This 
chapter includes the nature of the plant responses to the changed red:far-red photon flux 
ratio, tomato ghost and Arabidopsis immutans variegation mutants, carotenoid biosynthesis, 
and the proposed mechanisms of variegation in ghost and immutans. Chapter 2 includes the 
changes in growth traits in the shade avoidance response of Populus alba clone 'Bolleana'. 
Chapter 3 focuses on the cloning, characterization and a structural model of GHOST. In 
chapter 4, the biological function of IMMUTANS is examined by studying its expression 
pattern and anatomical features. Chapter 5 is an overall summary of the findings. 
Literature Review 
Light environment 
Light has properties of both waves and particles (Taiz and Zeiger, 1998). 
Wavelength is the distance between successive wave crests. The frequency is the number of 
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wave crests that pass in a given time. Light particles, photons, of different wavelengths are 
characterized by their quantum level. There are three important parameters to understand 
with respect to light: 1) quantity, 2) quality and 3) spectral distribution (Hopkins, 1998). 
Light quantity is a fluence and is expressed as photon numbers or quanta (in moles). The 
total number of photons incident on surfaces is called photon fluence (mol m"2). Photon 
fluence rate (mol m"2 s"1) is commonly used in plant research. Sunlight contains a spectrum 
of photons with different frequencies. While the range of sunlight wavelengths is between 
290 to 3000 nanometer (nm), plants use radiation energy only from 380 to 730 nm. The 
range between 400-700 nm is known as photosynthetically active radiation (PAR) (Larcher, 
1995; Hopkins, 1998; Taiz and Zeiger, 1998). 
Phytochrome system as a sensor of R:FR 
Plants use light as a source of energy for photosynthesis, a time-keeping mechanism, 
and as information to detect the proximity of neighbors. There are at least three 
photoreceptors in plants to perceive information about their light environment, each 
specifically absorb different spectral ranges: red:far-red (R:FR)-sensing phytochromes, 
blue/UV-A photoreceptors, and UV-B photoreceptors (Kendrick and Kronenberg, 1994). 
Phytochromes can detect R:FR (665-670 / 730-735 nm) fluctuations and provide important 
information to a plant: 1) the length of the diurnal dark period, 2) potential and actual 
shading by other vegetation, 3) depth of immersion in water. According to many 
experiments, the phytochrome system is responsible for monitoring the changes in R:FR and 
initiating the shade avoidance response (reviewed in Kendrick and Kronenberg, 1994; Casal 
and Smith, 1989; Smith and Whitelam, 1990). In addition, phytochromes absorb red and far-
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red light most strongly and have important roles in light-regulated vegetative and 
reproductive development. 
Phytochromes are blue protein pigments with molecular mass around 125 kD. 
Pytochromes are encoded by a multigene family and each phytochrome acts independently of 
the others, sometimes redundantly, and sometimes antagonistically. Whereas only three 
genes (PHYA, B1 and B2) have been discovered in Populus trichocarpa and Populus 
balsamifera, five genes {PHYA, B, C, D and E) have been reported in Arabidopsis (Sharrock 
and Quail, 1989; Howe et al., 1998). There are two types of phytochromes (Taiz and Zeiger, 
1998). Phytochrome A belongs to type I that is transcriptionally active in the dark, but the 
expression is strongly inhibited in the light. In dark-grown plants, phytochrome A is the 
most abundant phytochrome. Expression of phytochrome A is negatively regulated in the 
light and phytochrome A protein is degraded in the light. The rest of the phytochromes (B-
E) belong to type II that are detected both in the green and etiolated plants. The expression 
of type II phytochrome is not significantly changed by light. The Pfr form of type II 
phytochromes is more stable than the Pfr form of phytochrome A. 
Phytochrome is produced in the red light-absorbing form called Pr in dark-grown 
plants. The Pr form is converted to a far-red light-absorbing form called Pfr by red light. Pfr 
is the physiologically active form of phytochrome. Photoreversibility is the most distinctive 
characteristic of the photoreceptor (Kendrick and Kronenberg, 1994; Taiz and Zeiger, 1998). 
Significant amount of absorbance spectra of the two forms overlap each other in the red 
region, while the Pr form absorbs a small amount of light in the far-red region. When Pr 
forms are exposed to red light, most of them are converted to Pfr form. However, some of 
the converted Pfr form absorbs red light and is converted back to Pr form, because both 
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forms absorb red light. Similarly, it is impossible to convert Pfr entirely to Pr by far-red 
light. A phytochrome response is not quantitatively related to the absolute amount of Pfr. It 
has been suggested that the ratio between Pfr and the total amount of phytochrome 
(Pfr/Ptotal) determines the magnitude of the response. Lower ratios of R:FR convert greater 
portions of Pfr into the Pr form generating reduced ratios of Pfr/Ptotal. This kind of 
reduction was also reported in field experiments with tree species. Higher density canopies 
produced lower ratios of Pfr/Ptotal in Populus trichocarpa x deltoides 'Beaupré' and 
Douglas-fir seedlings (Gilbert et al., 1995; Ritchie, 1997). Negative linear relationships were 
found between stem growth rate and plant spacing or Pfr/Ptotal. Therefore, the red and far-
red wavelengths of light function as a signal for plants to adjust to the environment through 
modification in growth. 
Shade avoidance syndrome is controlled by multiple phytochrome species 
Multiple phytochromes are involved in the shade avoidance response. This has been 
established through studies of phytochrome deficient mutants, especially in Arabidopsis. 
Arabidopsis is a typical shade avoidance plant that shows reduced cotyledon and leaf 
expansion and elongated hypocotyl and petiole growth under low R:FR (Morelli and Ruberti, 
2000). A phytochrome A deficient mutant grown in the light showed a similar phenotype to 
wild type and this mutant did not respond to FR-rich light (Johnson et al., 1994). This 
indicates that phytochrome A is not normally important in the shade avoidance response. 
This may be due to the light instability property of phytochrome A. Phytochrome B deficient 
mutants of Arabidopsis showed elongated growth and early flowering, which are 
characteristics of the shade avoidance syndrome of wild type seedlings grown under a low 
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R:FR light environment (Nagatani et al., 1991; Reed et al., 1993). This indicates that the 
phytochrome B signal is responsible for the inhibition of hypocotyl elongation and has a 
major role in the shade avoidance response. In addition, the phytochrome B null mutants 
showed more elongation growth and early flowering under FR-rich light than phytochrome B 
null mutants grown in normal light environment. This indicates that other phytochromes are 
also involved in the shade avoidance response (Smith and Whitelam, 1997). The function of 
phytochrome C is still unknown in shade avoidance response due to the lack of phytochrome 
C null mutants (Morelli and Ruberti, 2000). However, a reduced level of phytochrome C 
was detected in the Arabidopsis phytochrome B mutant, which indicates that the phenotype 
of the mutant may result in part from the reduced phytochrome C (Hirschfeld et al., 1998). 
Phytochrome D mutants showed increased hypocotyl elongation and decreased cotyledon 
expansion under continuous high R:FR (Aukerman et al., 1997). Phytochrome B and D 
double mutants displayed enhanced elongation of petioles and early flowering than did 
phytochrome B mutants, indicating that phytochrome D also has a role in shade avoidance. 
Double mutants of phytochrome B and E had longer petioles and flowered earlier than did 
phytochrome B mutants (Devlin et al., 1998). This also indicates the involvement of 
phytochorme E in the regulation of shade avoidance. 
Competition changes growth traits 
Competition occurs between individual plants as they expand in size to capture more 
resources from limited amounts of light, water, and nutrients to colonize a location (Lemaire 
and Millard, 1999). As a result of competition, plants change their growth characteristics, 
such as leaf structure and angle, stem growth and form, branching, branching angle, root 
6 
growth, and biomass allocation (Larcher, 1995; Ritchie, 1997). Tree leaves are able to 
change their position with respect to light in order to capture maximum light energy for 
photosynthesis (Larcher, 1995). The number of branches and branching angle are also 
influenced by competition (Heilman et al., 1993; Ceulemans, 1990). 
Competition response varies according to the species and genetic background. Most 
studies have been done in herbaceous plants. The most common response of shade 
avoidance is extra elongation growth in intemodes. The elongation growth is also observed 
in the hypocotyl and petioles. Most herbaceous plants show elongation growth at the 
expense of leaf development and branching. However, different shade avoidance responses 
have been reported in tree species. In coastal Douglas-fir (Pseudotsuga menziesii) seedlings, 
crown biomass and branch number increased with decreasing growing space (Ritchie, 1997). 
Although leaf numbers were reduced in more dense canopies in Populus trichocarpa x 
deltoides 'Beaupré' trees, more leaf area and dry weight were reported (Gilbert et al., 1995). 
In accordance with the above results, other studies reported that young trees in high density 
plantations usually show rapid height growth that occurs long before actual shading 
(Cameron et al., 1991; DeBell and Giordano, 1994; Knowe and Hibbs, 1996; Scott et al., 
1992). 
The altered R:FR affects hormone levels 
The shade avoidance response that causes organs to expand or elongate, is dependent 
on the action of phytohormones (Morelli and Ruberti, 2000). Gibberellin biosynthesis 
appears to be controlled by the phytochromes during seed germination, seedling growth, and 
photoperiodic induction of flowering (Kamiya and Garcia-Martinez, 1999). Gibberellin is 
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produced in higher levels in low R:FR, which leads to the intemode elongation, cell 
extension and cell division, and leaf development (Weller et al, 1994; Beall et al., 1996). 
Stem elongation and cell expansion are strongly correlated with gibberellin, but dry weight 
deposition is not related to gibberellin concentration (Potter et al., 1999). Overexpression of 
oat phytochrome A in aspen (Populus tremula x tremuloides) led to the reduction of 
gibberellin and IAA levels in apical leaf and stem tissues, indicating that phytochrome A and 
Pfr/Ptotal can control gibberellin and IAA metabolism (Olsen et al., 1997). 
Auxin is also an important phytohormone that regulates cell division, cell elongation, 
and cell differentiation (e.g., vascular tissue) (Taiz and Zeiger, 1998). Auxin synthesis 
occurs in apical meristems and young leaves and is transported to the root tips through the 
vascular system. Auxin is also an important component of the elongation process that is 
induced by shade. Stem elongation that is regulated by phytochrome is partly the result of 
changes in IAA levels; an auxin response deficient mutant did not elongate significantly in 
response to FR-rich light (Behringer and Davies, 1992). In addition, treatments with an 
auxin transport inhibitor reduced hypocotyl elongation in FR-rich light (Steindler et al., 
1999). It has been hypothesized that higher lateral transport of auxin to epidermal and 
cortical cells occurs in the hypocotyl of shaded seedlings at the expense of auxin transport 
through the developing vascular system. This leads to elongation of these tissues and 
reduces the vascular differentiation and root auxin concentration, which causes the reduction 
in lateral root formation and eventually primary root growth (Morelli and Ruberti, 2000). 
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Variegation mutants 
Plant pigments are essential for the capturing of light energy for photosynthesis. The 
main pigments in this regard are the green chlorophylls and carotenoids, which exist inside of 
plastids. In addition to light harvest, carotenoids are also important in preventing 
photooxidation. Plants turn into albinos and they can not survive. Because albino plants are 
not suitable for developmental investigations, variegated plants have been used for such 
studies. Plastid development could be affected by three genomes: nuclear, mitochondrial and 
plastid genomes. Therefore, variegation phenotypes could be generated by mutations within 
any one of the genomes. Nuclear-encoded proteins are essential for plastid development and 
function, indeed, most plastid proteins are encoded by the nuclear genome. Defective 
mitochondria might have problems in generating energy and precursors for plastid 
development resulting in a variegated phenotype (Raghavendra et al., 1994). Thus, 
variegated mutants are an excellent system to study nuclear-organellar communication. 
Variegation due to genetic damage in the organelle genome 
There are two types of mutants in this category: defective in 1) plastid genome and 2) 
mitochondrial genome. In both cases, the causal effect of the defective organelle can be a 
recessive nuclear gene, but these can also be caused by organelle mutation. 
The maize iojap (ij) mutant produces striped plants with normal chloroplasts in green 
tissues and poorly developed chloroplasts in the white tissues (Walbot et al., 1979; Coe et al., 
1988; Han et al., 1992; Byrne and Taylor, 1996). IJ gene encodes a 24.8-kD protein that is 
associated with the 50S subunit of chloroplast ribosome (Han et al., 1995). The albostrians 
mutant of barley is another example of a nuclear recessive gene that causes plastid genome 
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mutation. The plastids of this mutant lack ribosomes and photosynthetic activity. Plastids 
have impaired membrane structures in white sectors (Hedtke et al., 1999; Hess et al., 1994). 
The plastome mutator (pm) of Oenothera hookeri causes deletions and duplications in the 
plastid genome (Stubbe et al., 1982; Johnson et al., 1991; Stoike and Sears, 1998). The 
mutant is chlorotic and the plastid internal membrane is impaired. Stoike and Sears (1998) 
proposed that PM might encode a protein that affects the helicity or rigidity of the plastome. 
Another type of mutation is due to a mutation in a recessive nuclear gene that 
generates abnormal nonfunctional mitochondria. Chloroplast mutator (chm) of Arabidopsis 
shows rearrangements in two mitochondrial DNA fragments associated with RPS3-RP115 
genes that encode ribosomal proteins S3 and L16, respectively (Martinez-Zapater et al., 
1992; Sakamoto et al., 1996). Nonchromosomal stripe mutants of maize (NCS) show yellow 
stripes on leaves due to mitochondrial DNA mutations (Newton et al., 1986). MCS2 has a 
mutation in NAD4-NAD7 mitochondrial genes that encode subunits of complex I (NADH 
dehydrogenase) of the mitochondrial electron transfer chain, resulting in the reduced 
complex I function (Marienfeld and Newton, 1994). Mitochondrial cytochrome oxidase 
subunit 2 (COX2) gene is partially deleted in NCS5 and NCS6 (Newton et al., 1990; Lauer et 
al., 1990, respectively). It is not clear how mutated mitochondrial genome affects the 
chloroplast development. The explanation might be that mitochondria provide energy and 
biosynthetic precursors for chloroplast development (Raghavendra et al., 1994). 
Variegated mutants that have normal organelle DNA 
Arabidopsis var2 is one of the examples of this type of mutation, which displays 
green and yellow sectors in leaves (Chen et al., 1999). The white sectors contain non-
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pigmented plastids with unorganized lamellar structures. VAR2 has similarity to the FtsH 
family of AAA proteins (ATPases associated with diverse cellular activities). It is an ATP-
dependent metalloprotease and functions in membrane associated events. Chen et al. (1999) 
suggested that VAR2 may mediate thylakoid membrane biogenesis in early stages through 
vesicle fusion. 
Arabidopsis immutans (im) and tomato ghost (gh) are other examples of this type of 
mutants. Both mutants share common characteristics: I) caused by nuclear recessive gene; 
2) light sensitivity in white sector formation; 3) phytoene accumulation and impaired internal 
membrane of chloroplasts in white tissues (Rick et al., 1959; Rédei et al., 1963; Rédei et al., 
1967; Scolnik et al., 1987; Wetzel et al., 1994; Wu et al., 1999). IM shows similarity to the 
alternative oxidase (AOX) of the mitochondrial respiratory pathway (Wu et al., 1999). I 
found that the gh mutant phenotype is caused by an IM homolog (Chapter 3). Both mutant 
phenotypes occur due to a block in carotenoid biosynthesis and/or plastid development. 
Carotenoids 
Carotenoids, C40 terpenoid compounds, are synthesized in all photosynthetic and 
some of non-photosynthetic organisms. There are over 600 different, naturally-synthesized 
carotenoids (Pogson et al, 1998). In plants, carotenoids are yellow, orange, and red pigments 
that are synthesized in the plastids (reviewed in Cunningham and Gantt, 1998). In 
chloroplsts, carotenoids are located in the photosynthetic membranes in the form of 
chlorophyll-carotenoid-protein complexes, which serve in light harvesting, in 
photoprotecting, and as stabilizers of the three-dimensional integrity of the light-harvesting 
complexes (LHCs) and photosystem II (Green and Dumford, 1996; Havaux, 1998; 
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Vishnevetsky et al., 1999). Carotenoids are accumulated in membranes, oil bodies, or other 
structures within the stroma of chromoplats of ripening fruits and flower petals and the 
chloroplasts of senescing leaves. They also serve as precursors for the plant growth regulator 
abscisic acid, and as coloring agents to attract pollinators and as seed dispersal agents in 
flowers and fruits (Demmig-Adams et al., 1996; Walton and Li, 1995). Carotenoids are also 
precursors of vitamin A in humans and animals (Krinsky et al., 1994). 
In the absence of colored carotenoids, plants have an albino phenotype due to the 
destruction of chlorophyll by photooxidation. Carotenoids have many important roles in the 
prevention of photooxidation. In general, harmful oxidizing molecules are produced from 
three sites of the photosynthetic apparatus: the light-harvesting complex (LHC) of 
photosystem II, the photosystem II reaction center, and the acceptor side of photosystem I. 
Xanthophylls bind to the LHC proteins of photosystem II and efficiently quench excited 
triplet chlorophylls (3Chl) and 'Oi (Kiihlbrandt et al., 1994). (3-carotene in the photosystem 
II reaction center also can quench lOi that is generated through interactions between 3P680 
(3Chl dimer) and Oi (Telfer et al., 1994). De-epoxidized xanthophyll pigments can carry out 
thermal dissipation and quench lChl in the photosystem II antenna (Gilmore, 1997). On the 
acceptor side of photosystem I, superoxide anion radical (O2") can be generated by reduction 
of O2, and O2' can be metabolized to toxic reactive oxygen species (H2O2 and hydroxyl 
radical (OH )) (Asada, 1994; Mehler, 1951). 
The extent of photooxidation is increased when the absorbed light energy exceeds the 
maximum utilization capacity of photosynthesis. Photosystem II is a main target for 
photooxidation. In this process, lipids, proteins, and pigments are oxidized by 'Ot (Anderson 
et al., 1998; Andersson and Barber, 1996; Barber and Andersson, 1992; Knox and Dodge, 
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1985). Due to the unsaturated fatty acid side chains, the thylakoid membrane is vulnerable to 
lC>2 attack resulting in reducing hydroperoxides that initiate peroxyl radical chain reactions. 
On the acceptor (stromal) side of photosystem I, the key enzymes of photosynthetic carbon 
metabolism can be damaged by O2", H2O2, and OH (Asada, 1994; Kaiser, 1979). 
Carotenoid biosynthesis pathway 
The lipid-soluble carotenoid pigments are synthesized by the isoprenoid biosynthetic 
pathway (McGarvey and Croteau, 1995; Cunningham and Gantt, 1998). The 5-carbon 
isopentenyl pyrophosphate (IPP) is the building block of all isoprenoid compounds. IPP 
isomerase (IPS) catalyzes the formation of dimethylallyl pyrophosphate (DMAPP) from IPP. 
Geranylgeranyl pyrophosphate (GGPP) synthase (GGPS) catalyzes the addition of three IPP 
molecules to one DMAPP to form the C20 compound, GGPP. From immunogold 
cytochemistry, GGPS was found to be concentrated in the developing stroma globli of pepper 
fruit, where carotenoid accumulation occurs during fruit ripening (Cheniclet et al., 1992). 
Pepper GGPS mRNA reaches a maximum at the early ripening stage and decreases in very 
ripe fruit, however, enzyme activity increases throughout fruit ripening (Kuntz et al., 1992). 
This indicates GGPS gene expression is under post-transcriptional control. The first 
colorless C40 carotenoid, phytoene, is formed from two molecules of GGPP by phytoene 
synthase (PSY). PSY from pepper chromoplasts was purified as a soluble, monomelic 
polypeptide (Dogbo et al., 1988). PSY is thought to be loosely associated with chloroplast or 
chromoplast membranes and phytoene is delivered to the plastid membranes for production 
of further step products of the pathway (Bartley et al., 1991; Schledz et al., 1996). 
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Phytoene turns into the red pigment, lycopene, by four consecutive desaturation 
reactions forming carbon-carbon double bonds. The desaturation reactions are catalyzed by 
two enzymes in plants: two membrane-associated enzymes, phytoene desaturase (PDS) and Ç 
-carotene desaturase (ZDS) (Beyer et al., 1989). Phytofluene and Ç-carotene are the products 
of the phytoene desaturation reaction, and neurosporene and lycopene are the products of the 
ZDS reaction. PSY and PDS transcript levels are highest in flower petals and ripening fruits 
(Giuliano et al., 1993). During flower development, PSY and PDS increase more than 10-
fold immediately before anthesis. During fruit ripening, PSY increases more than 20-fold, 
but PDS increases only 3-fold. Both transcripts are also detected in the root; this organ 
contains the lowest carotenoid amounts. There is no light effect on the expression of either 
PSY or PDS. Two forms of PDS have been reported: one soluble and inactive, the other 
membrane-bound and active (Al-Baili et al., 1996). For PDS to be active, FAD binding is 
required. Electrons liberated during double-bond formation are transferred to membrane-
bound quinones from the PDS-FAD/FADHi complex (Mayer et la., 1990; Nievelstein et al., 
1995; Noms et al., 1995). The requirement of quinones for PDS activity was recognized in a 
study of a quinone biosynthesis mutant in Arabidopsis; phytoene accumulates in this mutant 
(Norris et al., 1995). PDS also requires NADPH and oxygen for its activity. Based on all of 
these data, it has been suggested that phytoene desaturation is carried out by a redox chain 
between phytoene and oxygen. 
Cyclization of lycopene synthesizes either a-carotene or ^-carotene through lycopene 
^-cyclase (LCYB) and lycopene E-cyclase (LCYE). LCYB catalyzes the formation of 
bicyclic ^-carotene from the linear, symmetrical lycopene (Hugueney et al., 1995; 
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Cunningham et al., 1996; Pecker et al., 1996). (3-carotene has two P-rings that are generated 
by LCYB. (3-carotene is the precursor for the carotenoids that are commonly found in the 
photosynthetic apparatus of plants, a-carotene has one P and one a-ring, which are 
generated by LCYB and LCYE, respectively, a-carotene is the immediate precursor of lutein 
that is the predominant carotenoid in the photosynthetic membranes of green plants. The 
only difference between the (3 and a rings is the position of the double bond within the 
cyclohexene ring. Further hydroxylation of each ring of the hydrocarbons of a-carotene and 
P-carotene by CHYE and CHYB produces the xanthophyll pigments lutein and zeaxanthin, 
respectively. The relative amounts of the P, P-carotenoids (e.g. P-carotene, zeaxanthin, 
antheraxanthin, and violaxnthin) versus P, a-carotenoids (e.g. lutein) is determined by the 
relative amounts and/or activities of LCYB and LCYE. In the lutein deficient mutants (lutl 
and lut2), which have mutations in CHYE and LCYE, respectively, P, P-carotenoids are 
significantly higher than P, a-carotenoids, and this results in the functional compensation of 
lutein by other xanthophylls, in particular violxanthin and antheraxanthin (Pogson et al., 
1996; Pogson et al., 1998). 
The epoxidation of zeaxanthin forms violaxanthin via antheraxanthin, and the de-
epoxidation of violaxanthin regenerates zeaxanthin. These conversions are referred to as the 
xanthophyll cycle (Yamamoto and Bassi, 1996). The main function of the xanthophyll cycle 
is to protect the photosynthetic apparatus from excessive light and oxidative stress (Demmig-
Adams and Adams, 1990; Owens, 1994; Havaux and Niyogi, 1999). Xanthophylls are the 
most abundant carotenoids in the photosynthetic thylakoid membranes of plants. Neoxanthin 
is generated by an additional rearrangement of violaxanthin. The violaxanthin and 
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neoxanthin are the precursors for biosynthesis of the plant growth regulator, abscisic acid 
(ABA) (Zeevaart and Creelman, 1988). 
Cummingham and Gantt (1998) suggested that carotenogenic complexes are 
organized into supercomplexes. The first one is the soluble enzyme complex that consists of 
one IPS, two copies of GGPS, and one PSY; the final product of this complex is phytoene. 
The other complex is a plastid membrane-associated enzyme complex that consists of two 
copies of each desaturase (PDS and ZDS) and two copies of the cyclase subunits (LCYB and 
LCYE). The soluble complex is actually proposed to be loosely associated with membranes 
so that PSY can easily transfer phytoene to the membrane-associated enzyme complex to 
perform further desaturation and hydroxylation reaction. 
Respiration and alternative oxidase 
During respiration, the six-carbon sugar, glucose, is oxidized generating H?0, CO] 
and ATP (reviewed in Taiz and Zeiger, 1998). In the inner mitochondrial membrane, there is 
an electron transport chain that transfers electrons from NADH (and FADHi), produced 
during glycolysis and the tricarboxylic acid (TCA) cycle, to oxygen. During electron 
transfer, a large amount of free energy, ATP, is produced. There are four multiprotein 
complexes that are localized in the inner mitochondrial membrane. Electrons from NADH 
are oxidized by complex I (NADH dehydrogenase) and electrons are transferred to 
ubiquinone. Ubiquinone is similar chemically and functionally to plastoquinone in the 
photosynthetic electron transport chain. Electrons derived from the oxidation of succinate by 
Complex II (succinate dehydrogenase) are transferred to ubiquinone. Complex III 
(ubiquinol:cytochrome c oxidoreductase) oxidizes the reduced ubiquinone (ubiquinol) and 
transfers the electrons to complex IV (cytochrome c oxidase) via cytochrome c. Complex IV 
transfers the electrons to O2 and generates H2O. 
There are two electron transport pathways that transfer electrons from ubiquinone to 
O2 in the respiration pathway (reviewed in Vanlerberghe and Mcintosh, 1997). The first 
pathway is the cytochrome pathway, and it is inhibited by cyanide and uses cytochrome c 
oxidase (complex IV) as a terminal oxidase. The second pathway is the alternative pathway, 
and it is inhibited by salicylhydroxamic acid and uses alternative oxidase (AOX) as a 
terminal oxidase. Electron transport through the alternative pathway generates heat instead 
of ATP. Heat volatilizes aromatic chemicals to attract pollinators during voodoo lily floral 
development (Meeuse, 1975; Meeuse and Buggeln, 1969). The physiological function of the 
alternative pathway is unclear, but stresses such as chilling, drought, and osmotic stress 
activate the alternative pathway (Wagner and Krab, 1995). Since over-reduction of the 
ubiquinone pool occurs in the presence of these stresses, and because over-reduction is able 
to generate harmful reactive oxygens, a possible function of the alternative pathway is that it 
prevents ubiquinone from over-reduction by removing electrons and transferring then to O2 
(Mcintosh, 1994; Vanlerberghe and Mcintosh, 1996). 
Tomato ghost mutant 
The gh mutant arose spontaneously and has two independent origins. The first one 
arose from a hybrid between a line of 'San Marzano' and another line with Verticillium-wilt 
resistance in cultures in 1953 at the Agricultural Experiment Station, Davis, California (Rick 
et al., 1959). Selfed hétérozygotes segregated in a Mendelian fashion generating about 3 
normal to 1 gh, and reciprocal crosses between gh and normal generate only normal 
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progenies. This indicates that the gh phenotype is controlled by a single nuclear recessive 
gene. The second allele of gh was reported in 1953 from the variety 'Stokesdale' at the 
Illinois Agricultural Experiment Station, Urbana, Illinois (Rick et al., 1959). Allelism tests 
confirmed that both mutants are in the same gene (ghost or gh). 
The phenotype of gh was examined by Rick et al. (1959) and the following 
description of gh is according to their findings unless mentioned separately. The cotyledons 
and hypocotyls are variegated or totally white. The degree of variegation is enhanced by 
elevated light intensity. In general, gh cotyledons are smaller than wild type. While the 
cellular organization of green sectors of gh cotyledon is normal, palisade pigmentation in the 
paler sectors is less intense and there are less chloroplasts. The chloroplasts in the white 
sectors do not have organized internal membranes and have large vacuoles. 
All vegetative tissues of gh seedlings are variegated. Longitudinal streaks are formed 
on the stem, petioles, and peduncles of gh plants. These streaks are mostly limited to a single 
subepidermal layer of cells, which suggests that the green streaks are derived from one or 
several primordial cells that contains normal chloroplasts. Green islands on leaves have 
irregular swollen masses of large undifferentiated cells. Epidermal cells of white sectors are 
irregularly-shaped and much larger than normal. The internal parenchymas of white sectors 
are not differentiated into palisade and spongy layers. While cells in the palisade are 
elongated and larger than normal, cells in the vascular bundles are smaller than normal. 
Other organs of gh mutants (roots, stems, and petioles) are relatively unaffected in terms of 
morphology (Scolnik, et al., 1986). gh green cotyledons and leaves contain colored 
carotenoids and chlorophylls, while the colorless carotenoid (phytoene) accumulates in the 
white leaves. While the ultrastructure of plastids from white leaves contain no internal 
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membrane structures, normal chloroplasts are found in green leaves of gh (Scolnik et al., 
1986). 
The yellow color of petals of tomato flowers is due to carotenoid accumulation, but 
gh petals are variegated, with strong yellow stripes along the midrib, and a loss of 
pigmentation at the margins of petals (Scolnik, et al., 1986). The flowers from the white 
branches usually fail to open, but the pollen from these flowers are viable. The size of gh 
fruits is proportional to the degree of greening in the corresponding branch, which is 
probably due to the availability of nutrient from the branch. Fruits are usually white before 
reaching the ripe stage and turn yellow and finally orange with normal softening. Fruits 
arising from green branches reach almost wild type size. 
Impaired plastid structures are also found in the white fruits of gh, similar in 
structures of those in white leaves. That is, thylakoid membrane structures are not developed 
in white fruit, but osmiophilic globules are detected, which might be the site of phytoene 
accumulation. 
Arabidopsis immutans mutant 
Cells in the white tissues of im are heteroplastic, that is, they contain predominantly 
abnormal plastids but also a few normal-appearing plastids (Wetzel et al., 1994). The 
heteroplastidic condition has not been detected in gh white tissues. White reproductive bolts 
of im can produce progenies that are green, white, or variegated, depending on growth 
conditions of light and temperature. Due to this reversibility, Rédei (1975) called the mutant 
immutans for "immutable" in Latin. The defective plastids are not maternally-inherited 
indicating that the mutation is not in the organelle genome (Wetzel et al., 1994). 
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Wu et al. (1999) cloned the IM gene, and found that it codes for a protein with a high 
similarity to AOX. However, IM does not have the two conserved cystein residues that are 
responsible for dimerization and regulation of enzyme activity. In addition, the IM protein is 
imported into the chloroplast and inserted into the thylakoid membrane, while AOX is an 
inner mitochondrial protein (Carol et al., 1999). Also, phylogenetic analyses show that IM is 
distantly related to AOX, indicating that IM is a novel type of chloroplast AOX. IM shares 
conserved domains, such as membrane domains and iron-binding domains. However, recent 
analysis with many AOX sequences shows that AOXs are interfacial proteins rather than 
proteins having transmembrane domains (Andersson and Nordlund, 1999). 
IM affects phytoene desaturase activity 
White sector formation is due to the lack of phytoene desaturase (PDS) activity in 
Arabidopsis im (Wu et al., 1999). In im white tissues, phytoene is accumulated, but the PDS 
protein is detected at wild type levels, which indicates that phytoene desaturase is inactive in 
the white tissues (Wetzel and Rodermel, 1998). Chemical treatments that block carotenoid 
biosynthesis at later step of carotenogenesis also leads to albino phenotype, but do not cause 
phytoene accumulation (Sandmann and Boger, 1989). This result indicates that phytoene 
accumulation due to PDS inactivation is not the direct result of photooxidation. According to 
precursor-feeding experiments, chlorophyll synthesis is not blocked in im (Wetzel and 
Rodermel, unpublished data). Thus, a lack of carotenoid accumulation causes either 
inhibition of chlorophyll accumulation and/or photodestruction of chlorophyll. 
20 
Variegation model of immutans 
Based on the sequence analyses of three im alleles, a functional IM protein is not 
made in im mutants (Wu et al., 1999). Yet, even without a functional IM protein, im has 
normal looking plastids in green sectors. This indicates that there is a redundant function that 
can compensate for the IM deficiency in some cells and plastids. Wu et al. (1999) 
hypothesized two working models for im variegation. The models were based on the 
assumption that IM is one of the electron transport components in phytoene desaturation, 
which is required for carotenoid biosynthesis during early chloroplast biogenesis. In the first 
model, IM serves as a cofactor for PDS, which transfers electrons from PDS to plastoquinone 
or generates water by accepting electrons directly from PDS. In the second model, IM acts 
as a terminal oxidase of the plastoquinone pool and the redundant function is photosystem I. 
During an early stage of thylakoid membrane development, PDS activity would be limited in 
the absence of IM leading to the accumulation of phytoene because the redundant function is 
inefficient in the first model or is not yet fully functional in the second model. In either case, 
carotenoid biosynthesis is limited and an absence of carotenoids causes photooxidation under 
high light conditions. 
According to Wu et al. (1999), several factors control tissue-level sectoring in im. 
First of all, the level of light illumination is important. Plant tissues, cells and plastids 
receive different levels of illumination due to differences in the angle of incident light, 
presence of shading structures, and thickness of tissue layers (reviewed in Smith et al., 1997). 
The amount of existing thylakoid material that is from progenitors is another important 
factor. The daughter plastids that are from white plastids are more vulnerable to 
photooxidation due to the lack of electron transport capacity for PDS function. The 
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abundance and activities of components of carotenoid biosynthesis, such as electron transport 
and radical scavenging are also different in cell levels. Overall, sector formation is due to an 
interplay of the above factors. Even in the green plastids, electron transport capacity is less 
than wild type plastids. Thus, lower illumination, more thylakoid material and carotenoid 
biosynthesis components would increase the possibility of generating normal plastids and 
green tissues. 
Expression of PDS and PSY in ghost and immutans 
Giuliano et al. (1993) compared the expression levels of PDS and PSY between gh 
and wild type tomato leaves using reverse transcriptase-polymerase chain reaction (RT-PCR) 
amplification assays. This was done because PSY and PDS mRNAs are not detectable by 
northern blot analysis. The expression levels were the same in the green leaf sector of gh and 
wild type leaves. They also compared the transcript levels of the white leaves of gh and 
norflurazon-treated wild type seedlings. Norflurazon is an inhibitor of PDS activity that 
results in the accumulation of phytoene and generation of white leaves. The expression of 
PSY in white leaves was induced two- and three-fold in gh and norflurazon-treated wild type, 
respectively. PDS was induced even more, both in gh white leaves and norflurazon-treated 
white leaves (5 and 10 times, respectively). This induction might be for two reasons: 1) 
photooxidation or 2) end-product regulation of carotenogenesis. In general, the transcription 
of photosynthesis-related genes is depressed in photooxidative conditions (Giuliano and 
Scolnik, 1988; Taylor, 1989). It is thought that a "plastid factor" is required for nuclear-
encoded plastid proteins and that the plastid factor is no longer produced in photooxidative 
conditions (Taylor, 1989). While photooxidative stress acts as a negative regulator of genes 
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that encode chlorophyll binding proteins, other genes involved in the biosynthesis and 
accumulation of carotenoids are induced (Sagar and Briggs, 1990; Tonkyn et al., 1992; 
Guiliano et al., 1993). Another example of induction of PDS gene transcription by 
norflurazon treatment was performed by Corona et al. (1996). In their experiment, a GUS 
reporter gene was fused to 1.5 kb tomato PDS promoter and 0.5 kb 5' untranslated region and 
expressed in tobacco seedlings. Treatment of the transgenic plants with norflurazon induced 
PDS/GUS transgene expressing three-fold in the light, and two-fold in the dark in the 
transgenic tobacco seedlings. The induction of PDS in the absence of light and chlorophyll 
indicates that the PDS promoter is controlled by end-product regulation. 
As mentioned above, in the previous studies, PDS mRNA levels are controlled by 
end-product regulation (Giuliano et al., 1993; Corona et al., 1996). However, Wetzel et al. 
(1998) found that PDS expression is independent of leaf pigment content in Arabidopsis. 
PDS mRNA levels were not significantly different between wild type and im in any light or 
pigment condition during the early stage of seedling development (6-day old). In mature 
leaves of 4-week old seedlings, im accumulated more PDS mRNA than wild type in every 
treatment by a factor of 2.2 (norflurazon > high light > low light). Interestingly, there was no 
difference in PDS mRNA levels between im white and im green leaves grown under high 
light conditions. Wetzel et al. (1998) explained the differences between im and gh in the two 
experiments as difference in the normalization methods used to quantify RNA amounts. 
Giuliano et al. (1993) normalized the RNA amount by total RNA per sample, while Wetzel et 
al. (1998) used cytoplasmic 18S rRNA. Because photobleaching degrades chloroplast 
ribosomes but not cytoplasmic ribosomes (Blume and McClure, 1980; Reiss et al., 1983), 
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normalization by total RNA would give an over-estimation of the PDS mRNA in white 
compared to green tissue. 
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CHAPTER 2. COMPETION RESPONSES OF WHITE ASPEN 
TO RED:FAR-RED LIGHT 
A paper to be submitted to the journal of Tree Physiology 
Hanhong Bae and Richard B. Hall 
Abstract 
The reduced ratio of red:far-red (R:FR) light acts as a measure of the proximity of 
competitors and plants can detect the potentially competing neighbor plants by perceiving 
reflected R:FR signals and initiate the response of "shade avoidance" before actual shading 
occurs. The phytochrome system is responsible for monitoring the changes in the R:FR and 
initiating the shade avoidance response. The response to low R:FR ratio was studied in a 
white aspen Populus alba clone 'Bolleana' using two filter systems: a clear plastic filter 
system that allows a R:FR ratio less than 1.0 to pass from adjacent border plant reflection; 
and a special commercial plastic that blocks FR light and creates a R:FR ratio above 3.0. 
The reduced R:FR signals enhanced the stem elongation in response to competition at the 
expense of relative stem diameter growth. Trees grown inside clear chambers were 27% 
taller than trees grown inside the FR-blocking filter chambers. Stem taper of clear chamber 
trees was 16% less than the FR-blocking filter trees. Low R:FR also induced 22% more stem 
dry weight and 13% greater petiole length per leaf compared to the FR-blocking filter trees. 
There were no statistically significant differences in leaf area, leaf number increment, and 
total dry weight between the two light filter treatments. 
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Introduction 
Plants use light as energy, information to detect neighbors, and to keep track of time 
throughout the seasonal growth cycle. Plants can detect their neighbors by sensing the 
spectral properties of light reflected from the foliage of nearby plants and initiate the 
response of "shade avoidance" before actual shading occurs (Ballaré et al., 1987, 1990, 1994; 
Smith et al., 1990). Ambient light has a ratio of red to far-red light (R:FR at -660 nm to 
-730 nm) of about 1.2 (Kendrick and Kronenberg, 1994). The photosynthetic pigments 
absorb R light preferentially, but reflect or transmit FR light, which reduces the R:FR photon 
ratio below 1.0 and acts as a signal for detection of neighbors (Ballaré et al., 1987, 1990, 
1994; Ritchie, 1997; Smith et al., 1990; Smith and Whitelam, 1997). The changes in the 
R:FR ratio function as a measure of the proximity of competitors and acts as an "early 
warning signal" (Ballaré et al., 1987). The shade avoidance includes enhanced stem 
elongation and other morphological changes to increase the chance of receiving direct 
sunlight. The shade avoidance reaction varies according to the species and genetic 
background. Most studies have been done with herbaceous plants (reviewed in Kendrick and 
Kronenberg, 1994). The most common response of shade avoidance is extra elongation 
growth in intemodes. The elongation growth is also observed in the hypocotyl and petioles. 
Most herbaceous plants show the elongation growth at the expense of leaf development and 
branching. However, different shade avoidance responses have been reported in some tree 
species. In coastal Douglas-fir (Pseudotsuga menziesii) seedlings, crown biomass and 
branch number increased with decreasing growing space (Ritchie, 1997). Although leaf 
numbers were reduced in more dense canopies in Populus trichocarpa x deltoides clone 
'Beaupré' trees, increased leaf area and dry weight were reported (Gilbert et al., 1995). In 
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accordance with the above results, other studies reported that young trees in high density 
plantations usually show rapid height growth that occurs long before actual shading 
(Cameron et al., 1991; DeBell and Giordano, 1994; Knowe and Hibbs, 1996; Scott et al., 
1992). 
Many experiments have shown that the phytochrome pigment system is responsible 
for monitoring the changes in the R:FR and initiating the shade avoidance response 
(reviewed in Kendrick and Kronenberg, 1994). Phytochromes are blue protein photo-
reversible pigments that absorb R and FR light most strongly. They have important roles in 
light-regulated vegetative and reproductive development. Phytochromes are encoded by a 
multigene family and each phytochrome controls a different process with overlapping 
functions. While five genes (PHYA, B, C, D and E) have been reported in Arabidopsis, only 
three genes (PHYA, Bl and B2) have been reported in Populus trichocarpa and Populus 
balsamifera (Sharrock and Quail, 1989; Howe et al., 1998). There are two types of 
phytochromes: type I is light labile (phytochrome A) and type II (phytochrome B-E) is light 
stable. In dark-grown plants, phytochrome A is the most abundant phytochrome. Expression 
of phytochrome A is negatively regulated in the light and the protein is degraded in the light 
(Kendrick and Kronenberg, 1994). 
The involvement of multiple phytochromes in response to shade avoidance has been 
reported through the studies of phytochrome deficient mutants. For example, light-grown 
phytochrome B deficient mutants of Arabidopsis showed elongated growth and early 
flowering that are characteristics of the shade avoidance syndrome of wild type seedlings 
grown under a low R:FR light environment (Nagatani et al., 1991; Reed et al., 1993). This 
indicates that the phytochrome B signal is responsible for the inhibition of hypocotyl 
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elongation and has a major role in the shade avoidance response. Under FR-rich light, 
Arabidopsis phytochrome B null mutants showed additional elongation growth and even 
earlier flowering than phytochrome B null mutants grown in a normal light environment. 
This indicates that other phytochromes are also involved in the shade avoidance response 
(Smith and Whitelam, 1997). According to the analyses of other phytochrome null mutants, 
phytochrome B, D and E regulate the shade avoidance response (Aukerman et al., 1997; 
Devlin et al., 1998, 1999). Normally, phytochrome A has little effect on shade avoidance, 
probably due to the property of light instability of phytochrome A. The function of 
phytochrome C is still unknown in the shade avoidance response due to the lack of 
phytochrome C null mutants (Morelli and Ruberti, 2000). However, a reduced level of 
phytochrome C was detected in the Arabidopsis phytochrome B mutant, which indicates that 
the mutant phenotype may result in part from the reduced phytochrome C (Hirschfeld et al., 
1998). 
Phytochrome is produced in the R light-absorbing form called Pr in dark-grown 
plants. Pr is converted by R light to the FR light-absorbing form called Pfr, which is the 
physiologically active form of phytochrome and the two forms are photoreversible (reviewed 
in Kendrick and Kronenberg, 1994). It has been suggested that the ratio between Pfr and the 
total amount of phytochrome (Pfr/Ptotal) determines the magnitude of the response. Lower 
ratios of R:FR convert greater portions of Pfr into the Pr form generating reduced ratios of 
Pfr/Ptotal. The changes were also reported in tree experiments: lower Pfr/Ptotal was detected 
with higher canopy density of Populus trichocarpa x deltoides clone 'Beaupré' and Douglas-
fir seedlings (Gilbert et al., 1995; Ritchie, 1997). They found negative linear relationships 
between stem height growth rate and plant spacing or Pfr/Ptotal. Therefore, the R and FR 
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wavelengths of light function as a signal for plants to adjust to the competition environment 
through modification in growth. 
The objective of this study was to understand the growth changes in Populus alba 
clone 'Bolleana' in its juvenile stage in response to the changes in R:FR. The long term 
objective is to develop a controlled-environment assay to study genetic variation in the shade 
avoidance response of Populus clones. A commercial plastic filter system that selectively 
absorbs FR light was used to produce a high ratio of R:FR (van Haeringen et al., 1998). 
Although many studies have been performed on the response to the different R:FR light 
conditions, most of the data are from herbaceous plants. An understanding of the shade 
avoidance response of poplar trees would be useful for the management of poplar stands in 
the field to maximize production through genetic selection for the best growth response and 
to choose optimal spacings. 
Materials and Methods 
Plant Material and Growth Conditions 
The white aspen Populus alba clone 'Bolleana' was used to study the effect of R:FR 
on growth as a competition signal. Ramets were propagated through a greenwood cutting 
method (Faltonson et al., 1983). Stems were cut into small sizes that contained two 
intemodes with two fully-expanded leaves. The lower leaf was removed and the base of the 
stem was dipped into 1,000 mg/L of indole 3-butyric acid (IB A) to induce rooting. The IBA-
treated stem segments were inserted into Jiffy-7 Peat Pellets (Jiffy Products of America, 
Batavia, IL) that were moisturized overnight before use. The stem cuttings were placed in a 
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mist chamber for rooting over a 20-day period. The rooted stem cuttings were potted in a 
mixture of peat:perlite:vermiculite (1:1:1) and used for the R:FR light treatment when plant 
height reached around 14 -19 cm. All plants were fertilized once a week with a mixture of 
Miracle-GroExcel All Purpose® (21:5:20, Scotts, Columbus, OH) and watered daily. Plants 
were grown in the Forestry Greenhouse at Iowa State University under 20 °C and 16-h light 
period. 
Light Treatment and Growth Measurements 
Two plants of similar height were randomly assigned to one of two filter chambers. 
Trees in the filter chambers were surrounded by four border trees arranged in a 40-cm square 
to create the reflected light environment. Four more border trees were added at the 12lh day 
of treatment to reduce the R:FR ratio inside the clear filter chamber below 1.0, which is the 
threshold light condition that induces the shade avoidance response (Fig. 1). Open toped 
chambers constructed from plastic films (30-cm diameter and 50-cm height) were used to 
establish the two different R:FR ratios. A special FR-blocking plastic filter was used to 
create a ratio of above 3.0 for a plant grown inside (Visqueen, Cleveland, UK; van Haeringen 
et al., 1998). The FR filter selectively blocks FR light and thereby increases the R:FR ratio. 
A transparent plastic filter was used as a control, transmitting a R:FR ratio of below 1.0 
produced by the border trees. The filter chambers surrounded whole plants during the 
treatment period that continued for 27 days. Photosynthetically active radiation (PAR, 400-
700 nm) inside the two filter chambers was measured using a LI-1000 spectroradiometer (LI-
COR, Lincoln, NE). According to preliminary measurements, the clear filter chambers 
allowed -25% more PAR to pass through than the FR filter chambers. To maintain the same 
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level of PAR for the two filter chambers, six 3.7-cm width strips of duct tape were attached 
vertically to the sides of the clear filter chambers at every 60° around the circumference of a 
chamber to reduce light penetration. To homogenize the growing conditions in the 
greenhouse, plants were rotated into different positions on different benches every six days. 
The R:FR was measured horizontally at the mid-height of the filter chamber with an 
integrating cylinder, on loan from Weyerhaeuser Company (Ballaré et al., 1987). This 
integrating cylinder has a cylindrical bar of transparent acrylic with a 45° cone removed from 
the upper end to focus light entering from the sides on to the filter optic cable of a LI-COR 
remote sensing attachment on a LI-1800 spectroradiometer (LI-COR, Lincoln, NE). The 
R:FR ratios were calculated as the ratio of photon irradiance between 655 and 665 nm (R) 
over photon irradiance between 725 and 735 nm (FR) (Smith, 1994). 
To study the effect of R:FR light on plant growth, the following traits were measured 
on five replications. Plant height was measured during the treatment at 3-day intervals. At 
the end of the treatment period, height, intemode length, stem diameter at every intemode, 
leaf area, leaf number, and petiole length were measured from LPI 0 (Leaf Plastochron 
Index, first leaf > 3.0 cm) to the base of each tree (Larson and Isebrands, 1971). Leaf area 
was measured using a LI 3000 area meter (Li-Cor, Lincoln, NE). Stem tapers were 
calculated as follows: stem taper = (D2-D1) / L, where D1 = diameter at the LPI 2 (mm), D2 
= diameter at the LPI nearest to 25 cm basipetal from Dl (mm), and L = actual stem distance 
between Dl and D2 (cm). The potted root mass was soaked in water in a cold room at 4 °C 
overnight and then washed clean of potting debris. Dry weights were determined for leaf, 
stem, petiole and root after drying in an oven at 70 °C for 72 h. 
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One-way analysis of variance (ANOVA) was used to compare treatment means with 
a threshold of P = 0.05 used to classify statistical significance. The SAS statistical package 
program version 6.12 was used to compute the analysis of variance (SAS institute, 1996). 
Results 
The R:FR ratio averaged 1.0 inside the clear filter chambers and 3.7 inside FR-
blocking filter chambers when the filter chambers were surrounded by four border trees. An 
additional four border trees were added at the 12th day of treatment and the ratios were 
decreased to 0.8 and 3.3, respectively. The temperatures inside the two types of filter 
chambers were not significantly different (Sin, 2000). PAR levels were similar inside both 
filter chambers during the period of treatment. The major response to low R:FR was the 
enhanced stem growth. Trees inside clear filter chambers were taller than trees inside the 
FR-blocking filter chambers (Table 1 and Fig. 2\P- 0.01). The difference in growth 
increment between the two filter systems became significant after 15 days of treatment and 
reached a maximum at the end of the treatment (Fig. 3). Average stem growth inside the 
clear filter chamber was 6.9 cm (27%) taller than trees inside the FR-blocking filter chambers 
through 27 days of treatment. Average intemode lengths were greater for trees in the clear 
chambers at all positions except the lowest one that would have formed at the beginning of 
the treatment. LPI 0-1 and LPI 5-6 of the clear filter trees showed the most significant length 
advantage over trees inside the FR filter chambers (Fig. 4). 
Stem taper showed a significant difference between the two filter treatments (P = 
0.004). Average stem taper for the FR-blocking filter treatment was 16% greater than the 
clear filter treatment. Stem dry weight showed a significant difference between the two filter 
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treatments in the reverse direction (P = 0.005). Average stem dry weight of the clear filter 
trees was 22% heavier than the stem dry weight of the FR-blocking filter trees. 
Average petiole length also showed a significant difference between the two filter 
treatments (P = 0.01). Petioles of clear filter trees averaged 13% longer than petioles of FR-
blocking filter trees. However, the difference in total petiole dry weight did not show a 
significant difference between the two filter treatments. Average petiole length of the clear 
filter trees between LPI 0 and LPI 2 was significantly longer than the FR-blocking filter trees 
and this trend was present in older leaves as well (Fig. 5). The pattern of petiole length 
development at each LPI was similar between the two filter treatments. 
There were no significant differences in leaf number increment, leaf area, leaf dry 
weight, and root dry weight (Table 1). Total biomass was not significantly different between 
the two filter chambers. In addition, the ratio of top dry weight (leaf, stem and petiole) to 
root dry weight was not significantly different between the two filter chambers. 
Discussion 
Two different filter systems were used to analyze the effect of the R:FR ratio on the 
stem elongation and other growth traits in a poplar clone. Not many studies have been done 
with tree species and most work has been performed in the field. The field studies used 
different plant spacings to analyze the effect of changed R:RF. However, different spacings 
influence many other variables, such as light intensity, root competition, water use efficiency 
and gas exchange. So, it is not usually clear from field studies what the direct effect of R:FR 
is on growth traits. The filter system we used gives better conditions to study the effect of 
R:FR on growth and morphological changes because the filters modify only the R:FR ratios. 
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The results of this study indicate that R:FR signals change stem elongation, stem 
taper, stem dry weight, and petiole length in young Populus alba clone 'Bolleana' trees. 
However, other traits, such as leaf number increment, leaf area, and dry weight (leaf, petiole 
and root) showed no significant differences. The main effect of low R:FR is to induce the 
competition response that enhances stem elongation. While the reduction in R:FR inside 
filter chambers appears to be the cause of stem elongation, we have checked for other 
possible conditions that might affect the changes, such as differences in temperature and 
PAR. However, no differences were found in temperature and PAR in the two filter 
chambers. The two filter chambers act the same in reducing air movement. Air movement 
does affect the allocation of photosynthate to mechanically support stems, reducing stem 
height and increasing stem taper (Cleugh et al., 1998). 
The combined dry weight of leaf, stem and petiole (top dry weight) in each treatment 
was not significantly different. This suggests that elongated stem growth was due to 
enhanced allocation of resources to stem intemode elongation at the expense of other growth 
centers, not the result of increased photosynthesis. This result is consistent with previous 
studies in herbaceous species, in which reduced R:FR redirected dry mass towards stem and 
petioles and away from leaves, although the difference in leaf dry weight was not 
statistically significant in our experiment (Morgan and Smith, 1979; Keiller and Smith, 
1989). However, the response to changed R:FR is dependent on genetic background, which 
suggests that the allocation of biomass in different tissues is controlled through genetic 
mechanisms. 
At day 12, an additional four trees were added around the filter chambers to reduce 
R:FR. Over the next three days, growth differences in the two filter chambers became 
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significantly different and stayed that way (days 15-27 of the combined treatment schedule in 
Fig. 3). This is supportive evidence that the competition response occurs quickly in the low 
R:FR condition. R:FR less than 1.0 is known as the starting point of inducing competition 
response. From day 15, the growth increment difference between the two treatments kept 
getting larger until the last day of treatment. 
Gibberellin production is indcreased under low R:FR, which leads to the intemode 
elongation, cell extension and cell division, and leaf development (Weller et al, 1994; Beall 
et al., 1996). Stem elongation and cell expansion are strongly correlated with gibberellin 
levels, but dry weight deposition is not related to gibberellin concentration (Potter et al., 
1999). Auxin is also an important component of the elongation process that is induced by 
shade (Behringer and Davies, 1992; Steindler et al., 1999). It has been hypothesized that 
higher lateral transport of auxin to epidermal and cortical cells occurs in the hypocotyl of 
shaded seedlings at the expense of auxin transport through the developing vascular system. 
This leads to elongation of these tissues and reduction of the vascular differentiation and root 
auxin concentration, which causes a reduction in lateral root formation and eventually 
primary root growth (Morelli and Ruberti, 2000). We did not find significant root dry weight 
reduction in our low R:FR treatment, but the trend in the data was in that direction. The 
control of hormonal effects is probably dependent on genetic background and/or 
developmental stage, showing different competition responses. 
The average leaf areas at LPI 0 and LPI 1 for clear filter trees were larger than FR-
blocking filter trees. This may be an adaptation of leaves in the fast growing region of the 
stem to produce leaf area more rapidly at the top region of elongating stems in the 
competition condition. Enhanced stem elongation and reduced stem taper in response to 
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reduced R:FR is consistent with the previous studies (Casai et al., 1990; Ritchie, 1997). 
Stem taper is an important indicator of mechanical support of trees and also indicates the 
relative allocation to height and diameter growth. This kind of plant response to reduced 
R:FR is probably a physiological process for better light harvest, which increases the 
possibility of survival during competition. 
Through this study, we found that there was large variability in the response of trees 
during the treatment for the same filter chamber. Even though the starting plants were 
similar in terms of height and leaf number, the subsequent growth rate fluctuated tree by tree. 
This indicates that the physiological condition of each tree was not the same although they 
looked the same. To eliminate this problem, trees need to be grown for a longer period of 
time under the same growth conditions and then monitored for their growth rate to be sure 
they have similar potential once treatment starts. Finally, we should choose trees that show 
similar growth rate and have the same height and leaf number. 
This study provides clear evidence that competition conditions (low R:FR) alter tree 
biomass allocation to stem elongation. However, this study was performed using the juvenile 
trees, which might respond differently as they age. This phenomenon is common in other 
physiological processes. Therefore, further experiments with plants of various ages are 
needed. 
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Table 1. Effect of different red:far-red light on tree morphological characteristics. All numbers are average of five replications 
after 27 days of filter chamber treatment. The P values from the ANOVA are shown for each trait in the bottom row. Top dry 
weight is the combined dry weight of leaf, stem and petiole. Total dry weight is the combined dry weight of top and root. NS, not 
significant. 
Filter Growth Stem Petiole Leaf No. Leaf Leaf dry Stem dry Petiole Top dry Root dry Top/root Total dry 
system increment taper length increment area weight weight dry weight weight weight dry weight 
(cm) (cm) (cm2) (g) (g) (g) (g) (g) weight (g) 
Clear 25.7 0.066 2.94 6.2 602 1.60 0.78 0.11 2.49 0.69 3.85 3.18 
FR- 18.8 0.079 2.57 6.0 613 1.64 0.61 0.10 2.35 0.75 3.09 3.10 
blocking 
Increment 27% (+) 19%(-) 13%(+) NS NS NS 22% (+) NS NS NS NS NS 
for the 
clear filler 
trees (%) 
P value 0.011 0.004 0.014 0.749 0.885 0.749 0.005 0.675 0.430 0.307 0.112 0.884 
Figure 1. Arrangement of two filter chambers in greenhouse experiment. Left chamber is 
--iear filter and right chamber is FR-blocking filter. Trees in the filter chambers were 
surrounded by eight border trees to create the reflected light environment. To maintain the 
same level of photosynthetically active radiation for the two filter chambers, six 3.7-cm 
width strips of duct tape were attached to the sides of the clear filter chambers to reduce light 
penetration. 
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Figure 2. Average growth increment after 27-day treatment of five replications exposed to 
different red:far-red under two different filter chambers. Trees inside clear filter chambers 
(R:FR = 0.8) were 27% taller than trees inside the FR-blocking filter chambers (R:FR = 3.2, 
P = 0.01). The vertical bars represent standard error. 
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Figure 3. Increase in cumulative stem growth in response to low red:far-red light (clear 
filter, R:FR = 0.8) during 27 days of treatment. Growth increments are averages of five 
replications for each treatment exposed to two different red:far-red light. The vertical bars 
represent standard error. 
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Figure 4. Average intemode length after 27-day filter treatment of five replications exposed 
to two different red:far-red light under two different filter chambers. Leaf plastochron index 
(LPI) was used to compare the leaves between the two treatment in the same stage of 
development and same age of leaves (LPI 0 > 3.0 cm). The vertical bars represent standard 
error. 
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Figure 5. Average petiole length at each leaf plastochrom index (LPI 0 > 3.0 cm) after 27-
day treatment of five replications exposed to two different red:far-red light under two 
different filter chambers. The vertical bars represent standard error. 
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CHAPTER 3. IMMUTANS AND GHOST ARE PLASTID QUINOL OXIDASES: 
EVIDENCE FOR A NEW STRUCTURAL MODEL OF THE MITOCHONDRIAL 
ALTERNATIVE OXIDASE 
A paper submitted to Proceedings of the National Academy of Sciences 
Hanhong Baea, Friedrich Behringer3, Carolyn Wetzel0 and Steve Rodermel3 
Abstract 
The immutans (im) variegation mutant of Arabidopsis has green- and white-sectored 
leaves due to the action of a nuclear recessive gene. The white sectors of im accumulate 
phytoene, a carotenoid biosynthetic intermediate. IMMUTANS codes for a plastid protein 
that bears similarity to alternative oxidase (AOX), an inner mitochondrial membrane protein 
that serves as a terminal oxidase in the alternative pathway of respiration. The function of 
IM is unclear, but by analogy to AOX, it may function in a poorly understood redox pathway 
in which electrons are transferred from phytoene to molecular oxygen. The ghost (gh) 
variegation mutant of tomato bears phenotypic similarities to immutans. In this paper we 
show that the im and gh phenotypes arise from mutations in orthologous genes, and we take 
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advantage of the tomato system to demonstrate that GH is expressed in plastid-types that 
accumulate high levels of carotenoids, viz., chloroplasts in leaves and chromoplasts in 
developing fruit and flowers. This suggests that GH (and IM) play a major role in 
carotenogenesis. We also exploit the distant phylogenetic relatedness of GH (and IM) versus 
AOX to test structural models of AOX. Our analyses reveal that AOX, IM and GH are RNR 
R2 di-iron carboxylate proteins with perfectly conserved Fe-coordinating ligands that 
define a quinol-binding catalytic site. This provides strong support for the hypothesis that 
IM and GH are plastid quinol oxidases that act downstream from a quinone pool to dissipate 
electrons in both chloroplast and chromoplast membranes. Importantly, our phylogenetic 
analyses provide compelling evidence that AOX, IM and GH are interfacial membrane 
proteins, indicating that structure/function studies based on currently accepted models of 
AOX as a transmembrane protein will need to be re-evaluated. 
Introduction 
Carotenoids are C40 terpenoids that accumulate to high levels in the chloroplasts and 
chromoplasts of photosynthetic eukaryotes (1,2). In chloroplasts, carotenoids function as 
accessory pigments in photosynthesis, as structural determinants in the thylakoid membrane, 
and as photoprotective agents, where they quench triplet excited state chlorophyll and singlet 
oxygen that can occur as a byproduct of light absorption (3,4,5). In the absence of colored 
carotenoids, chloroplasts are rendered nonfunctional in high light conditions due to 
photooxidative damage. In chromoplasts, which are found in some nonphotosynthetic tissues 
(e.g., some fruits and flowers), carotenoids are thought to serve primarily as visual attractants 
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for pollinators (5). Carotenoids with provitamin A activity are essential components of the 
human diet and many have anti-cancer activity (6). 
All the steps of carotenoid biosynthesis occur in plastids by nuclear DNA-encoded 
enzymes that are imported into the organelle post-translationally (5). Whereas genes for 
most of these enzymes have been cloned and characterized (2), the identification and 
isolation of factors that regulate higher plant carotenogenesis are poorly understood. To gain 
insight into these factors we have been studying the immutans (im) variegation mutant of 
Arabidopsis (7,8). Cells in the green sectors of im contain morphologically normal 
chloroplasts, whereas cells in the white sectors have abnormal plastids that lack organized 
internal lamellar structures. All im alleles examined to date are nuclear recessive (8,9, 
unpublished data) and white sector formation is promoted by growth in enhanced light 
intensities (7,9). 
The white plastids of im accumulate phytoene, a colorless C40 carotenoid 
intermediate, suggesting that im is impaired in the activity of phytoene desaturase (PDS), 
which converts phytoene to zeta-carotene (7). We have recently positionally cloned 
IMMUTANS (8) and found that it codes for a plastid homolog of the mitochondrial 
alternative oxidase (AOX), an inner membrane protein that acts as a terminal oxidase in the 
alternative pathway of mitochondrial respiration (10,11). This pathway branches from the 
cytochrome pathway at the ubiquinone pool; AOX transfers electrons from ubiquinone to 
molecular oxygen, forming water. IM is only distantly related to AOX, but because of its 
similarity to the AOX class of proteins we suggested that it may be a component of a poorly 
understood redox pathway in which the desaturation of phytoene by PDS results in the 
transfer of electrons to a quinone pool and thence to molecular oxygen (12,13,14,15). We 
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hypothesized that IM could act either as a cofactor of PDS, passing electrons to the quinone 
pool, or as a redox component downstream from the quinone pool (8). 
We and others (5,7) have noted that there are many phenotypic similarities between 
im and the well-known ghost (gh) variegation mutant of tomato (16) (Fig. 1). Like im, 
variegation arises in gh due to the action of a nuclear recessive gene (16); the white gh 
sectors accumulate phytoene (16,17,18); and white sector formation in gh is promoted by 
elevated light intensities (16,18). In this paper we show that im and gh arise from mutations 
in orthologous genes and we use the tomato system as a tool to clarify the function of IM and 
GH in carotenogenesis. We further exploit the phylogenetic distance between IM and GH 
versus AOX to gain insight into the structure of these proteins. Our analyses provide 
compelling evidence that the active sites of these proteins are highly conserved, indicating 
that current structural models of AOX need to be revised. 
Materials and Methods 
Plant Material and Growth Conditions 
Tomato (Lycopersicon esculentum Mill.) seeds heterozygous for the ghost (gh) 
mutation were obtained from the Tomato Genetics Resource Center (University of 
California, Davis). The plants were maintained in a greenhouse. The hétérozygotes were 
sel fed and the F1 progeny were used for analysis; the genotypes of normal-appearing F1 
plants (gh/+ or +/+) were determined by examining the phenotypes of F2 progeny from 
selfed F1 plants. For some experiments, seeds were surface sterilized (50% Chlorox), 
germinated on Gamborg medium supplemented with 3% sucrose, and maintained on a lab 
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bench under continuous light (100 |imol/m2sl). In some cases, the tissue culture medium was 
supplemented with 5 x 10"5 M Norflurazon (Sandoz 9789). 
Nucleic Acid Manipulations 
A tomato (cv. VFNT cherry) green-fruit cDNA library (kindly provided by D. 
Hannapel, Iowa State University) was screened for the presence of /M-like sequences using 
established procedures (19); the filters were probed with a radiolabeled Arabidopsis IM 
cDNA (8). Tomato genomic DNAs were isolated and genomic DNA gel blot analyses were 
conducted, also by established methods (19). GH genomic sequences were determined by 
primer walking using DNAs from +/+ and gh/gh F1 progeny plants; the PCR products were 
sequenced directly. DNA and derived protein sequences were analyzed using DNASIS 
(Hitachi Software Engineering America, San Francisco, CA); Biology WorkBench 
(http//biology.ncsa.uiuc.edu) and ChloroP (http://www.cbs.dtu.dk/services/ChloroP/). 
Total cell RNA was isolated using an RNA isolation kit (Quiagen, Valencia, CA). 
RNA gel blot and RT-PCR analyses were performed as previously described (7,20). 
Northern filters were probed with random-primed cDNAs specific for the tomato IM 
homolog (GH) or for Lhcb (CAB40, for the tobacco light-harvesting chlorophyll a/b binding 
proteins of photosystem II) (21). 
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Results 
im and gh Arise from Mutations in Orthologous Genes 
A tomato gene with homology to IM was isolated by screening a tomato fruit cDNA 
library with IM sequences. Four cDNAs were identified, all of which were identical in 
sequence but differed in their 3' lengths. The size of the longest cDNA (1,463 bp) was 
similar to that of transcripts from this gene on RNA gel blots (see later, Fig. 6), suggesting 
that it is a near full-length cDNA (Fig. 2). This cDNA contains an open reading frame of 
366 amino acids with a predicted molecular mass of 42.1 kD, similar to IM (40.5 kD) (8). 
The protein also bears 67% amino acid sequence identity to IM, with most of the variability 
in the putative N-terminal plastid targeting sequences of the two proteins. We conclude that 
we have isolated an IM homolog from tomato. 
Genomic Southern blot analyses performed under low stringency hybridization 
conditions revealed that the IM homolog is a single-copy gene in tomato (data not shown). 
IM is also a single-copy gene in Arabidopsis (8). Sequencing of tomato genomic DNA 
showed that the IM-homolog contains nine exons, identical to the number found in the IM 
genomic sequence (Fig. 3A). As a first step to determine whether the gene for the IM 
homolog is the same as the gene for GH, we used a collection of 45 F2 plants generated from 
an interspecific cross between Lycopersicon esculentum (L.) Mill, and L pennellii (Correll) 
D'Arcy to physically map the IM homolog on the tomato genome. We found that it mapped 
6.4 cM (+/- 0.29 cM) from RFLP marker TG47 on chromosome 11 ; TG47 maps ~3 cM from 
GH (23). This map location is consistent with the idea that the IM homolog maps to the GH 
locus. 
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If IM and GH are homologs, then the IM homolog should bear a mutation in gh 
plants. To test this hypothesis, we determined the genomic sequence of the I M homolog in 
gh/gh and +/+ F1 progeny plants. Compared to the wild type, the IM homolog contains a T 
nucleotide insertion near the 3'end of the seventh exon of the gene in the mutants (Fig. 3A). 
This would be predicted to generate an mRNA species with a premature stop codon ~40 nt 
downstream from the site of the insertion (Fig. 3B). However, mutations near splice sites of 
plant genes sometimes result in the activation of cryptic splicing sites that generate mRNAs 
in which the normal reading frame is reconstituted (A. Manuell and S. Rodermel, 
unpublished data). To examine this question in gh, we isolated mRNAs from gh/gh plants 
and performed reverse transcriptase-PCR (RT-PCR). Sequencing of the PCR products 
revealed that the IM homolog transcripts bears the T insertion and contains the expected 
premature stop codon (Fig. 3B). This suggests that a truncated protein would be generated 
from the gh mRNA; if stable, this polypeptide would lack critical functions of the GH protein 
(below, Fig. 4). 
In summary, we have shown that the tomato genome contains a single copy gene for 
an IM homolog, that this homolog maps to gh, and that its mRNAs bear a premature stop 
codon in gh plants. These data support the notion that GH and IM are orthologous proteins. 
Further support for this conclusion comes from the observation that im and gh have similar 
phenotypes. 
Structural Model of GH, IM and AOX 
Phylogenetic analyses revealed that IM is a distantly related member of the AOX 
class of inner mitochondrial membrane proteins (8). The substrates of AOX are ubiquinol 
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and dioxygen, and iron is essential for activity (10,11). The currently accepted structural 
model of AOX, proposed by Siedow and colleagues (24,25) was based on that of the "RNR 
R2" class of di-iron carboxylate proteins (named after the R2 subunit of ribonucleotide 
reductase). The active sites of RNR R2-type proteins consist of a binuclear iron center 
coordinated by two histidines and four carboxylate residues (26). In the Siedow model, 
AOX contains two transmembrane domains, with the N and C termini exposed to the matrix 
side of the membrane (Fig. 4A). Of three "EXXH" motifs in the C-terminal portion of the 
protein (Bl, B2 and B3), B2 and B3 were proposed to form part of the di-iron center because 
only these two would reside on the same side of the membrane. It has proven difficult to test 
the Siedow model, and it enjoys little unequivocal experimental support (26). 
Taking advantage of a larger number of AOX sequences than were available when 
the Siedow model was proposed, Andersson and Nordlund (26) have recently proposed a 
revised structural model of AOX. They hypothesized that the hydrophobic regions of AOX 
are not transmembrane segments but rather, as with other RNR R2 proteins, they proposed 
that AOX is an interfacial membrane protein with an active site contained within a four helix 
bundle, with helices 1 and 3 (and helices 2 and 4) oriented anti-parallel to one another. In 
this model, the active site consists of a di-iron center coordinated by the B1 and B3 "EXXH" 
motifs on the paired second and fourth helices (Fig. 4A), while the other two carboxylates 
are contributed by the paired first and third helices. El83 on helix 1 and E274 on helix 3 
were proposed as these carboxylate residues, based on the spacing between helices 1 and 2 
(usually 30 amino acids) and between helices 3 and 4 (also, usually 30 amino acids) found in 
other RNR R2 type proteins. 
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Because we found that IM and GH are only distantly related to AOX (8), we reasoned 
that phylogenetic comparisons of these sequences might offer an opportunity to test the 
validity of the Andersson and Nordlund model, i.e., AOX sequences that are evolutionary 
conserved in GH and IM are likely important for structure and function. In Fig. 4B, the 
sequences of 20 AOX proteins were compared with those of IM and GH in the C-terminal 
two-thirds of the protein. This is the most conserved region of the three proteins (Fig. 2). 
Consistent with the Andersson and Nordlund model, GH (and IM) are predicted to contain 
four helices. Importantly, the B1 and B3 "EXXH" sites are precisely conserved between 
AOX, GH, and IM; the B2 site is not conserved. This suggests strongly that these sequences 
provide four of the six expected Fe-ligands. The only conserved carboxylates in helices 1 
and 3 are E147 and E238, respectively, suggesting that these residues serve as the other two 
Fe ligands. 
The strict conservation of the B1 and B3 sequences (on helices 2 and 4, respectively) 
indicates that if these sequences provide four of the six Fe-ligands, they must reside on the 
same side of the membrane to form a bi nuclear iron center. Considered together with the 
precise conservation of the E147 and E238 sequences (on helices I and 3, respectively), our 
data thus lend striking support to the Andersson and Nordlund hypothesis that the four 
helices in AOX are oriented anti-parallel to one another, as in other RNR R2 proteins, and 
that AOX is an interfacial membrane protein, also as in other RNR R2 proteins (26). We 
propose that IM and GH have a similar structure to AOX (Fig. 5). As with AOX, we 
hypothesize that the hydrophobic portions of GH and IM insert only partially through the 
lipid bilayer, providing a surface for dimerization, which has been observed with AOX 
(10,11), or other protein/protein interactions. 
69 
GH Expression 
As a first approach to assess the physiological function of GH and the mechanism of 
gh variegation, we examined the patterns of GH mRNA accumulation in various tomato 
tissues, organs and developmental stages. CAB mRNA expression served as a control. GH 
transcripts were detected in all organs tested. They were highest in expanding (young) 
leaves, flowers, and fruits, and lowest in stems and roots (Fig. 6A). Similar levels 
accumulated in the green leaf tissues of WT and gh, but much lower levels were found in the 
white sectors of gh leaves (Fig. 6A). GH mRNAs increased markedly in abundance during 
flower and fruit development (Fig. 6B), two processes that involve the biogenesis of 
chromoplasts from either proplastids (during flower development) or chloroplasts (during 
fruit development) (27). GH transcript amounts were also elevated by treatment with 
Norflurazon (NF), a chemical inhibitor of PDS (Fig. 6C). Etiolated and greening seedlings 
had similar GH mRNA levels (Fig. 6C), suggesting that GH transcription is not 
photoregulated. 
As anticipated, CAB transcripts were abundant in all normally green organs of the 
plant (Fig. 6A). They also declined during flower and fruit development (Fig. 6B) and were 
induced during de-etiolation (Fig. 6C), also as expected (27); expression in the flowers is 
from the sepals. Fig. 6C further reveals that CAB mRNAs are detectable in the white leaf 
tissues of gh, but not in white, NF-treated leaves. Moreover, CAB mRNA levels were 
markedly higher in the green leaf sectors of gh than in the leaves of WT plants (Fig. 6A). 
This is also the case in im (28), where we suggested that higher CAB mRNA levels in the 
green sectors is part of a physiological strategy to maximize growth that involves an increase 
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in light-harvesting capacity and photosynthesis in the green sectors to compensate for a lack 
of photosynthesis in the white sectors. 
Discussion 
Structure of AOX, GH and IM 
The primary lesion in the gh variegation mutant has been a matter of intense 
speculation since its discovery nearly 50 years ago (16). In support of the idea that GH is the 
tomato ortholog of IM, we found that a tomato IM homolog is a single copy gene in tomato 
(as is IM in Arabidopsis) (8); that the IM homolog maps to the gh locus; that its mRNA 
contains an insertion mutation in the gh background; and that the phenotypes of gh and im 
are very similar. Interestingly, this phenotype has not yet been described for any other 
Arabidopsis or tomato mutant loci. It will be of interest to determine whether light-sensitive 
variegations in other species, such as albescent in maize (29), are orthologous to IM and GH. 
Our phylogenetic analyses have provided compelling evolutionary evidence for the 
validity of the Andersson and Nordlund model (26) of the structure of the AOX. Not only 
are the active site helices conserved between AOX, GH, IM, and other RNR R2 type di-iron 
proteins, but our evolutionary filtering allowed us to identify precisely the six carboxylates 
that likely act as coordinating Fe ligands; these will be the target of future mutagenesis 
experiments. Also consistent with the Andersson and Nordlund model, we predict that AOX, 
GH and IM are interfacial membrane proteins. One possibility is that the hydrophobic 
helices (previously modeled as transmembrane domains) are involved in protein-protein 
interactions. Regardless, the conservation of active site residues between GH, IM and AOX 
argues convincingly that GH is a quinol oxidase, and suggests that these proteins have 
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similar reaction mechanisms. The active sites of RNR R2 type di-iron proteins examined to 
date have a small hydrophobic crevice that reaches down to the Fe center and that serves as 
the quinol-binding site. We suggest that this, too, is the case for the active sites of IM, GH 
and AOX. 
Whereas our analyses are in broad agreement with the idea that IM, GH and AOX 
have structures like other RNR R2-type proteins, there are some differences. Most notably, 
there is an insertion of 19 amino acids between helices 3 and 4 in the GH (and IM) versus 
AOX sequences, which results in an abnormally long second helix pair. Yet, this may be a 
trend in the AOX class of RNR R2 proteins inasmuch as the spacing between the two co­
ordinating carboxylates within the pair of helices 3 and 4 in AOX is 50 residues (versus a 
normal 30 residues); the significance of this spacing is not clear. It is also likely that there 
are differences in the regulatory properties of IM and GH versus AOX. For instance, GH 
(and IM) lack the conserved cysteines that are involved in dimerization and activation of 
AOX (30,31). Any contribution to structure and function by sequences in the N termini of 
the mature proteins might also be unique, since GH, IM and AOX are not conserved in this 
region. Despite these apparent differences, the proposed structural model of AOX, IM and 
GH offers testable hypotheses about residues and domains that are important for structure 
and function. In this light, it would be worthwhile to re-evaluate results from previous 
structure/function studies on AOX that were designed assuming AOX is a transmembrane 
protein and that B2 and B3 are the active site Fe-ligands (e.g., 32,33,34). 
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Role of GH in Carotenogenesis and the Mechanism of Variegation 
The accumulation of phytoene in gh indicates that GH affects (directly or indirectly) 
the activity of PDS, suggesting that GH plays a central role in carotenoid biosynthesis. In 
support of this notion, GH transcripts are abundant in tissues whose plastids accumulate high 
levels of carotenoids- leaves, flowers and fruits. They are also abundantly expressed during 
chromoplastogenesis. The expression profile of GH is similar to that of PDS and PSY, two 
genes in the carotenogenic pathway (27,35-39). We conclude that carotenoid accumulation 
and GH expression are coordinated, at least at the level of transcript abundance, arguing that 
GH plays a role in carotenogenesis. 
The enzymes of carotenoid biosynthesis starting with the PDS step appear to be part 
of a membrane-localized metabolon (2), and thus one possibility is that GH (IM) is a 
component of this complex in both chromoplast and chloroplast membranes. In our current 
working model, we envision that electrons from the desaturation of phytoene are transferred 
by PDS to a quinone pool and thence to GH, reducing molecular oxygen. GH may also be 
involved in the other desaturation step of carotenoid biosythesis, viz., the conversion of zeta 
carotene to lycopene by zeta carotene desaturase (ZDS) (2). However, because GH mRNAs 
appear to be present in plastid types that accumulate only trace levels of carotenoids, such as 
etioplasts in dark-grown seedlings and amyloplasts in roots (27,36), it is possible that GH 
plays a more general role in plastid metabolism. For instance, we have suggested that IM 
functions during chloroplast biogenesis to help optimize electron dissipation while the 
photosynthetic apparatus is being assembled (8). According to this hypothesis, im leaves are 
variegated because photoprotective (colored) carotenoids are not synthesized in the absence 
of IM, making the contents of the developing chloroplast susceptible to photooxidation under 
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high light intensities. We further hypothesized that the formation of green versus white 
plastids is conditioned by variations in IM activity and in the light intensity perceived by 
individual plastids in the developing leaf primordium; once formed, white and green plastids 
divide to form clones of plastids and cells (sectors) in the mature leaf (8). 
We propose that variegated gh tissues that are normally green arise by a mechanism 
similar to im (8). Yet, tomato tissues that contain chromoplasts, as well as chloroplasts, are 
variegated in gh (flowers, fruits). The chromoplasts in these tissues are non-pigmented and 
lack organized internal membrane structures (18, H. Bae and S. Rodermel, unpublished 
observations). Because chromoplasts do not undergo photosynthesis and photooxidation, we 
suggest that a lack of GH results in an inhibition of carotenogenesis and a consequent 
blockage of chromoplast development at an early stage. Consistent with this idea, colored 
carotenoid accumulation is necessary for the assembly and stability of chromoplast 
membranes (4). 
Regardless of the precise mechanisms of variegation in im and gh, perusal of the 
cyanobacterial genome database reveals that IM, GH and AOX are not found in 
cyanobacteria, the evolutionary progenitors of plastids. One possibility is that a nuclear gene 
for the mitochondrial AOX duplicated and diverged, and once it acquired plastid targeting 
signals, it became functional in multiple plastid types, serving primarily as a redox 
component in carotenogenesis, but also as a more generalized electron sink. In agreement 
with this hypothesis, recent evidence in Chlamydomonas suggests that IM may serve as a 
terminal oxidase of chlororespiration (40). 
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Expression of gh: Feedback Regulation 
In addition to enhanced GH expression in carotenoid-accumulating tissues, our 
expression analyses revealed that GH transcripts are induced in NF-treated tomato leaf 
tissues. This is consistent with the notion that GH, like PDS and PSY, is subject to feedback 
regulation of transcription, with higher rates in non-pigmented tissues (27,39). Against this 
suggestion, we did not find induction of GH mRNAs in the white tissues of gh, as reported 
for PDS and PSY (27). We cannot explain this difference, but it points toward the possibility 
that the plastid states in the two types of phytoene-accumulating white tissues (i.e., gh and 
NF-treated) are not identical, even though both are presumably photooxidized due to a lack 
of colored carotenoid production. In support of this idea, Fig. 6 showed that CAB mRNAs 
are detectable in the white leaf tissues of gh but not in NF-treated tomato leaves; we 
observed a similar phenomenon in im (28). The lack of CAB mRNA accumulation in the 
NF-treated tissues of both im and gh is consistent with the "plastid signal" hypothesis that the 
transcription of some nuclear genes for plastid proteins is dependent on a signal that requires 
developing or mature chloroplasts for its generation and/or transmission (41). However, the 
presence of CAB mRNAs in the white sectors of gh and im suggests that CAB transcription is 
partially uncoupled from its normal dependence on chlorophyll accumulation and chloroplast 
development in these mutants. CAB transcription appears to be sensitive to the redox state of 
the plastid (42), and thus one way GH (and IM) could influence this process is via altering 
the redox poise of the PQ pool. How a lack of GH activity affects photosynthetic electron 
transport is currently under investigation. 
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FIGURE LEGENDS 
Fig. 1. The gh variegation mutant of tomato. 
Fig. 2. GH is homologous to IM. The translated GH cDNA sequence (deposited in Genbank 
as Accession number AF302931) is compared to that of IM (8). Identical amino acid 
residues are boxed. The arrow indicates a putative protease cleavage site for removal of an 
N-terminal transit sequence (predicted by ChloroP software). The location of this site 
correlates with the size of the IM transit sequence, as estimated by in vitro chloroplast import 
experiments (8,22) *, site of the insertion mutation in gh (See Fig. 3). 
Fig. 3. gh mRNA has an insertion mutation. 
A) Schematic of the GH genomic sequence (deposited in Genbank as Accession number 
AF302932). Exons are shown as filled boxes, introns as open boxes. The numbering below 
the gene refers to bp in the genomic sequence (5.01 kbp), commencing with the first base of 
the GH cDNA. The numbering above the gene diagram refers to the codon position in the 
translated sequence. *, site of the insertion mutation in gh. 
B) The translated sequence of the IM homolog has a T insertion in gh/gh plants, resulting in a 
premature stop codon. 
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Fig. 4. Structural and functional domains of AOX, GH and IM. 
A) The predicted structure of AOX according to the Siedow model (top) (24,25) and to the 
Andersson-Nordlund model (middle) (26). The structure of GH is modeled after the 
Andersson-Nordlund model. Shaded boxes (I-IV) are alpha helical regions: T1 and T2 are 
putative transmembrane segments; "EXXH" (Bl, B2 and B3), "D" and "E" are putative Fe 
binding carboxylate ligands; TP are putative transit peptides. Size of the protein is from 
initiating ATG (codon 1) to the termination codon. 
B) Comparison of AOX, GH and IM derived amino acid sequences. Non-identical residues 
are shown. The sequences of GH and IM are compared downstream from codon 135 in the 
GH sequence. The sequences were compared with 20 AOX sequences from GenBank 
(.Arabidopsis thaliana AOX la, Arabidopsis thaliana AOX lb, Arabidopsis thaliana AOXlc, 
Arabidopsis thaliana AOX2, Glycine max AOXl, Glycine max AOX2, Glycine max AOX3, 
Nicotiana tabacum AOXl, Nicotiana tabacum AOX2, Oryza sativa AOX la, Oryza sativa 
AOX lb, Sauromatum guttatum AOXl, Catharanthus roseus AOX, Mangifera indica AOXl, 
Zea mays AOX, Chlamydomonas reinhardtii AOXl, Neurospora crassa AOX, Hansenula 
anomala AOX, Trypanosoma brucei brucei AOX, Chlamydomonas sp AOX). Open and 
shaded boxes, identical amino acids between all three sequences; the six perfectly conserved 
Fe-ligands are indicated by the shaded boxes. Alpha helices are single-underlined; 
hydrophobic regions are double-underlined. *, site of the insertion mutation in gh. —, gaps 
in the alignment. 
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Fig. 5. Structural model of GH. GH is proposed to be an interfacial membrane protein with 
a di-iron center coordinated by two EXXH motifs on helices 2 and 4 (oriented anti-parallel to 
one another), and two carboxylates on helices 1 and 3 (also oriented anti-parallel to one 
another). 
Fig. 6. GH mRNA expression. 
A) Total cell RNAs were isolated from stems, roots, young expanding leaves, flowers 
(corresponding to stage 3, Fig. 6B), and fruit (Turning stage) from WT plants, and from 
white and green sectors of young expanding leaves of ghost. The samples were from 
greenhouse-grown plants. Seven ng of each sample was electrophoresed through 
formaldehyde-agarose gels and the filters were probed with random-primed cDNAs specific 
for GH and CAB. Gel loadings are shown by EtBr-staining of rRNA bands. 
B) RNAs were isolated from five developmental stages of flowers: stage 1 (< 0.2 cm); stage 
2 (< 0.5 cm); stage 3 (< 1 cm); stage 4 (open sepal stage); and stage 5 (open petal stage) 
(stages defined in 27). For tomato fruits, RNAs were isolated from total pericarp from 
mature green (MG), breaker (BR), turning (TU), and red-ripe (RR) fruits. The samples were 
from greenhouse-grown plants. Two gg of each sample were electrophoresed through 
formaldehyde-agarose gels then treated as in A). 
C). Total cell RNAs were isolated from WT seedlings germinated for 7 days in the dark on 
tissue culture medium (dark), then exposed to light for 4 h or 12 h (100 (imol/mY, 22 °C). 
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WT and gh seedlings were also germinated in the light on tissue culture medium for 7 days, 
then transferred to new medium for 10 days; RNAs were isolated from expanding WT leaves 
and from dissected white sectors of expanding ghost leaves (gh white). Some WT type 
plants growing in the light were transferred to medium containing Norflurazon (5 X 10"5 M) 
for the 10 days; total cell RNAs were isolated from bleached leaf tissue (NF). 
Figure 1 
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CHAPTER 4. PLASTID-TO-NUCLEUS SIGNALING: THE IMMUTANS GENE OF 
ARABIDOPSIS CONTROLS PLASTID DIFFERENTIATION AND LEAF 
MORPHOGENESIS 
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Abstract 
The immutans (im) variegation mutant of Arabidopsis has green and white leaf 
sectors due to the action of a nuclear recessive gene. IM is a chloroplast homolog of the 
mitochondrial alternative oxidase. Because the white sectors of im accumulate the 
noncolored carotenoid, phytoene, IM likely serves as a redox component in phytoene 
desaturation. In this paper we show that IM has a global impact on plant growth and 
development and that it is required for the differentiation of multiple plastid types, including 
chloroplasts, amyloplasts and etioplasts. Consistent with these observations, IM promoter 
activity and IM mRNAs are expressed ubiquitously in Arabidopsis. IM transcript levels do 
not necessarily correlate with carotenoid pool sizes, raising the possibility that IM function is 
not limited to carotenogenesis. Leaf anatomy is radically altered in the green and white 
sectors of im. In particular, mesophyll cell sizes are dramatically enlarged in the green 
sectors and palisade cells fail to expand in the white sectors. These findings suggest that im 
interrupts plastid-to-nucleus signaling pathways that control Arabidopsis leaf developmental 
programming. The green im sectors have significantly higher than normal rates of O, 
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evolution and significantly elevated chlorophyl a/b ratios, typical of those found in "sun" 
leaves. We conclude that the changes in structure and photosynthetic function of the green 
leaf sectors are part of an adaptive mechanism that attempts to compensate for a lack of 
photosynthesis in the white leaf sectors, while maximizing the ability of the plant to avoid 
photodamage. 
Introduction 
Variegation mutants provide an excellent system to explore the nature of 
communication between the nucleus-cytoplasm, chloroplast and mitochondrial genetic 
compartments (reviewed by Leôn et al., 1998; Rodermel, 2001). The leaves of these mutants 
have green and white (or yellow) sectors that arise as a consequence of mutations in nuclear 
or organellar genes (Tilney-Bassett, 1975). Whereas the green sectors contain cells with 
morphologically normal chloroplasts, cells in the white sectors contain plastids that lack 
pigments and normal lamellar structures. One common mechanism of variegation involves 
the induction of defective mitochondria or chloroplasts by mutations in nuclear genes. This 
is sometimes due to transposable element activity, in which case the green and white cells 
have different genotypes. In other cases the two types of cells have the same (mutant) 
genotype, indicating that the gene defined by the mutation codes for a product that is required 
for organelle biogenesis in some, but not all, cells of the mutant. 
Despite the large number of mutant screens that have been conducted in Arabidopsis, 
surprisingly few nuclear "variegation" loci have been reported. These include cab 
underexpressed (cue 1), chloroplast mutator (chm), differential development of vascular-
associated cells (dov), immutans (im),pale cress (pac), varl and varl (e.g., Rédei, 1963; 
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1967; 1973; Rôbbelen, 1968; Martinez-Zapater et al., 1992; Reiter et al., 1994; Li et al., 
1995; Grevelding et al., 1996; Sakamoto et al., 1996; Lôpez-Juez et al., 1998; Meurer et al., 
1998; Tirlapur et al., 1999; Streatfield et al., 1999). Of these, we have focused on immuians 
(Wetzel et al., 1994; Meehan et al., 1996; Wetzel and Rodermel, 1998; Wu et al., 1999) and 
varl (Chen et al., 1999; Chen et al., 2000); im is the topic of the present investigation, im 
was first isolated and partially characterized nearly 40 years ago by Rédei (1963; 1967) and 
Rôbbelen (1968). Sectoring in im is due to the action of a nuclear recessive gene, and white-
sector formation is promoted by growth in elevated light or temperature (Rédei, 1963; 
Rôbbelen, 1968; Wetzel et al., 1994). Visually white reproductive structures of im give rise 
to variegated progeny that are predominantly green or white, again depending on growth 
illumination and temperature. Because of this apparent phenotypic reversibility and an 
inability of the mutant to convert permanently from an all-green ("wild-type-like") to an 
albino phenotype, Rédei (1975) called the mutant immutans (for "immutable"). Consistent 
with this reversibility, abnormal plastids are not maternally-inherited in im, suggesting that 
the plastid defect can be cured (Wetzel et al., 1994). 
Biochemical analyses revealed that im white sectors accumulate phytoene, a colorless 
Cw carotenoid intermediate (Wetzel et al., 1994). This suggests that the mutant is impaired in 
the activity of phytoene desaturase (PDS), the plastid enzyme that converts phytoene to (3-
carotene (Bartley et al., 1991). We cloned IM by map-based methods and found that it codes 
for a plastid homolog of the mitochondrial alternative oxidase (AOX) (Wu et al., 1999); a 
transposon-tagged im allele has also been reported (Carol et al., 1999). AOX is an inner 
mitochondrial membrane protein that functions as a terminal oxidase in the alternative 
(cyanide-resistant) pathway of mitochondrial respiration where it generates water from 
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ubiquinol (reviewed by Siedow and Umbach, 1995; Vanlerberghe and Mcintosh, 1997). 
This similarity to AOX suggested that IM may be a component of a redox pathway that 
functions in the desaturation of phytoene (Beyer et al., 1989; Mayer et al., 1990; 1992; 
Schulz et al., 1993; Nievelstein et al., 1995; Morris et al., 1995). Consistent with this 
interpretation, IM has quinokoxygen oxidoreductase activity when expressed in E. coli (Josse 
et al., 2000). 
We are interested in determining the physiological function of IM and the mechanism 
of im variegation. A powerful way to gain insight into IM function is to examine the 
phenotype of im plants. Because previous studies of im have focused on leaf variegation, we 
were interested in determining whether im has other phenotypes. In this report, we show that 
the mutant is impaired in its growth and development, and that this impairment is due, in 
part, to a blockage of plastid differentiation in diverse cell types. IM expression appears to 
be ubiquitous, but expression levels are not always correlated with carotenoid accumulation, 
opening the possibility that IM serves as a general electron sink in thylakoid membranes. 
Mesophyll cell morphogenesis is affected in both the green and white sectors of im, 
indicating that IM is required for the transmission of a plastid signal(s) to regulate leaf 
developmental programming. Finally, we report that the green im sectors have higher than 
normal photosynthetic rates, perhaps to compensate for a lack of photosynthesis in the white 
sectors. 
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Results 
Phenotype of immutans 
We have sequenced three im alleles and all are predicted to be null (Wu et al., 1999). 
For the present studies we used the spotty allele. We have previously reported that im seeds 
germinate normally under all light conditions (Wetzel et al., 1994), and that depending on the 
illumination conditions, germinated seedlings have green, variegated or white cotyledons and 
true leaves (Redei, 1967; Rôbbelen, 1968; Wetzel et al., 1994). Other normally-green 
organs, including stems and sepals, are also variegated. Whereas im flowers are 
morphologically normal, siliques are smaller than wild-type and are either variegated or all-
white. White siliques lack seeds and variegated siliques have significantly fewer seeds than 
normal. 
Under low light conditions that promote the formation of nearly all-green plants, im 
grows more slowly than wild-type (Fig. 1); im ultimately attains the stature of wild-type 
plants. Shoot growth is similarly retarded in mutant plants maintained under normal light 
conditions. However, in this case it is difficult to ascribe the growth impairment to a lack of 
IM per se since it can be argued that these plants have white sectors and, consequently, that 
there is less green tissue than normal to support growth. Figure 2 shows that wild-type and 
im roots increase in length as a function of growth illumination. Whereas both types of roots 
have a similar size distribution in darkness and under low light conditions, there is a tendency 
for the wild-type to have longer roots than im under normal light conditions. Considered 
together, Figures 1 and 2 indicate that a lack of IM impacts root and shoot development. 
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Expression of IM 
The phenotype of im suggests that IM is expressed not only in leaves, but also in 
other Arabidopsis tissues and organs. To determine the developmental- and tissue-specificity 
of IM expression, we investigated the patterns of IM promoter activity in transgenic plants 
that bear an IM promoter: GUS reporter gene fusion (Fig. 3). Seeds from each line were 
germinated on MS medium or in soil and GUS activity assays were carried out at different 
stages of development. The expression patterns were identical for each of five 
independently-transformed lines; the results in Figure 4 are from one of the lines. 
GUS activity is first observed in one day-old light-grown seedlings immediately after 
seed coat breakage (Fig. 4A). All of the tissues (roots, hypocotyls and cotyledons) are 
heavily stained. This pattern is maintained throughout vegetative development, as illustrated 
by the presence of GUS staining in roots, cotyledons, hypocotyls and developing first leaves 
of 7-day-old light-grown seedlings (Fig. 4B). High levels of GUS activity are also found in 
the cotyledons of dark-grown seedlings; however, the hypocotyls are barely stained (Fig. 
4C). This is in contrast to control experiments performed with transgenic 35S promoter: 
GUS seedlings, in which the hypocoyls and cotyledons are uniformly stained (Fig. 4D). 
GUS activity appears to increase during early leaf development. It is low in the shoot 
apical meristem (Fig. 4E) and in very young expanding leaves (leaf number 1 in Fig. 4E). As 
the leaves continue to expand, GUS activity increases (leaf number 2 in Fig. 4E). Mesophyll 
cells, guard cells and trichomes are stained in young leaves, while epidermal cells lack 
significant staining (Figs. 4F and 4G). GUS activity is present in old leaves of six-week-old 
mature rosettes (Fig. 4H). Stems also have appreciable GUS activity (Fig. 41). A cross 
section of a hypocotyl reveals that staining is very high in the vascular tissues, but lower in 
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the ground tissues (Fig. 4J). GUS activity is also present throughout the root (Fig. 4K). 
Staining is observed in all flower parts, including the sepals, petals, and anthers (Fig. 4L), 
and also in green silique coats (Fig. 41). In young seeds, GUS is expressed specifically in the 
funiculus (Fig. 4M). All tissues except seed coats are stained with GUS in the control 35S 
promoter: GUS fusion plants (as Fig. 4D). 
To obtain a quantitative estimate of IM mRNA levels, we performed northern blot 
analyses on total cell RNAs isolated from various Arabidopsis tissues and organs. Fig. 5A 
shows that IM mRNAs are present in all of the RNA samples analyzed. IM transcripts are 
most abundant in leaves, cotyledons, flowers and stems, and least abundant in etiolated 
seedlings and siliques. IM mRNAs increase in amount during leaf development. These 
experiments validate the results of the IM promoter: GUS assays and indicate that IM is 
expressed ubiquitously in Arabidopsis tissues and organs throughout development. 
Pigment Analyses 
Carotenoid and chlorophyll levels were examined in the same organs and tissues as 
the RNA gel blot analyses to determine whether there is a correlation between IM mRNA 
accumulation and pigment content (Fig. 5B). In general, tissues in which IM mRNAs are 
abundant have high pigment levels. Yet, there is not a one-to-one correspondence. For 
instance, IM mRNAs are nearly as abundant in roots as in cotyledons and stems, but roots 
contain only trace pigment amounts. IM mRNAs also increase progressively during leaf 
development, while carotenoid and chlorophyll levels decline. On the other hand, a lack of 
GUS staining of etiolated hypocotyls (Fig. 4C) correlates well with a lack of detectable 
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pigment in this tissue. We conclude that the patterns of IM mRNA expression and pigment 
accumulation do not necessarily correspond. 
Plastid Ultrastructure 
We have previously examined the ultrastructure of plastids in the green and white leaf 
sectors of im (Wetzel et al., 1994). Because of the ubiquity of IM expression, we wanted to 
determine whether IM is required for the biogenesis of plastids in organs other than leaves. 
As shown in Figure 6, normal chloroplasts are present in wild-type cotyledons and in the 
green sectors of im cotyledons (Fig. 6A), while the white sectors of im cotyledons contain 
vacuolated plastids that lack organized lamellar structures (Fig 6B). The latter plastids are 
the size of normal chloroplasts, i.e., much larger (~6 gm) than undifferentiated proplastids in 
meristem cells (0.5-1 gm) (Bowman, 1994). These findings are similar to TEM analyses of 
plastids in wild-type and im leaves (Wetzel et al., 1994). 
Amyloplasts are small (approximately the size of proplastids), irregularly-shaped 
plastids in roots (Bowman, 1994). They usually contain starch granules and a few extended 
lamellar structures. Figure 6C shows that roots from wild-type Arabidopsis contain typical 
amyloplasts. Examination of a large number of plastids in sections of im roots reveals that 
some resemble wild type amyloplasts, but that most are devoid of extended lamellae and 
starch granules (Fig. 6D). This heterogeneity in structure suggests that root tissues have a 
heteroplastic amyloplast population. Cells in the white leaf sectors of im are also 
heteroplastidic (Wetzel et al., 1994). 
Etioplasts are achlorophyllous plastids found in dark-grown seedlings (reviewed by 
von Wettsein et al., 1995). They contain a distinctive paracrystalline lattice of interconnected 
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membrane tubules (the prolamellar body, or PLB). Figure 6E shows a representative 
etioplast from a dark-grown wild-type cotyledon; it has a single large PLB. In contrast, 
etioplasts from dark-grown im seedlings do not contain PLBs, but rather have a large, 
organized molecular array (Fig. 6F). A large number of sections of im etioplasts have been 
examined, and PLB-like structures have not been observed, i.e., the molecular array structure 
is not an artifact of sectioning. Taken together, the data in Figure 6 indicate that IM is 
required for the normal development of several plastid-types in Arabidopsis. 
Anatomy of im Leaves 
Although a lack of IM results in variegated green organs and retards plant growth, 
light microscopy of tissue sections reveals that the morphology of non-green im organs (e.g., 
roots, hypocotyls and cotyledons of etiolated seedlings) is not detectably perturbed (data not 
shown). This is in contrast to green organs such as leaves. We have previously shown that 
chloroplast development is impaired in the white sectors of im leaves, but that the green leaf 
sectors contain morphologically normal chloroplasts (Wetzel et al., 1994). Figure 7 shows 
representative tissue sections of wild-type leaves, green im sectors, white im sectors and a 
transition zone between green and white sectors. The wild-type leaves have typical 
epidermal, columnar palisade mesophyll and spongy mesophyll cell layers; the latter two 
layers have densely staining chloroplasts (Fig. 7A). In contrast, the tissue organization of the 
green and white sectors of im leaves is perturbed. In particular, the green sectors are thicker 
than normal due to a marked enlargement in the sizes of the mesophyll cells, epidermal cells 
and air spaces (Fig. 7B). The white leaf sectors have a normal thickness, but the palisade 
cells fail to expand normally (Fig. 7C). The distinctive characteristics of the white and green 
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sectors are apparent in regions where the two tissue-types abut and overlay one another (Fig. 
7D). This suggests that the factors that cause the abnormalities in cell structure are cell 
autonomous. 
The significant anatomical differences between the wild-type and im green sectors 
raise the question whether the two types of green tissue have similar photosynthetic rates. As 
a first approach to address this question, we measured the amount of oxygen evolved from im 
versus wild-type plants on a per chlorophyll basis. We analyzed the response of plants 
germinated and maintained under both low light and normal light conditions. We found that 
the im green sectors evolve approximately twice as much oxygen as the wild type under both 
illumination conditions (Fig 8A). In normal light conditions, the enhancement in oxygen 
evolution is accompanied by a significantly enhanced chlorophyll a/b ratio (Fig. 8B). 
Discussion 
IMMUTANS Plays an Important Role in Plant Development 
Previous morphological, biochemical and molecular analyses of immutans have 
focused on leaves (Rédei, 1963; 1967; Rôbbelen, 1968; Wetzel et al., 1994). These studies 
showed that IM is required for normal chloroplast biogenesis in some, but not all, plastids 
and cells of the expanding leaf. In the present study, we observed phenotypic alterations in 
other major organ systems of the mutant. This was true for both green organs (e.g., 
cotyledons, stems, siliques) and non-green organs (e.g., roots, etiolated hypocotyls and 
cotyledons). These data suggest that IM has a global impact on plant physiology and 
development. Support for this conclusion is provided by our IM promoter: GUS fusion and 
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northern blot analyses showing that the IM promoter is active and that IM mRNAs are 
expressed ubiquitously in Arabidopsis tissues and organs throughout development. 
Role of IMMUTANS in Plastid Metabolism 
The accumulation of phytoene in im white sectors suggests that PDS activity is 
impaired in im and that IM plays an important role in carotenoid biosynthesis (Wetzel et al., 
1994). Cloning and sequencing of IM revealed that the gene product is a chloroplast 
membrane protein with homology to the AOX class of inner mitochondrial membrane 
terminal oxidases (Wu et. al., 1999; Carol et al., 1999). IM also has quinol oxidase activity 
when expressed in E. coli (Josse et. al., 2000). Considered together, these data suggest that 
IM is a redox component of a phytoene desaturation pathway involving PDS, plastoquinol 
and oxygen as a terminal acceptor (Beyer et al., 1989; Mayer et al., 1990; 1992; Schulz et al., 
1993: Nievelstein et al., 1995; Norris et al., 1995). 
In support of the central role of IM in carotenogenesis, our data show that the IM 
promoter is active and that IM transcripts are abundant in Arabidopsis tissues that accumulate 
high levels of carotenoids, including cotyledons, leaves, stems, siliques and flowers. In like 
manner, some tissues that do not accumulate carotenoids, e.g., hypocotyls of dark-grown 
seedlings, have low levels of IM expression. In further support of the idea that IM expression 
and carotenoid accumulation are normally coupled is the finding that transcripts from an IM 
ortholog in tomato are abundantly expressed during tomato fruit ripening (Josse et. al., 2000; 
H. Bae and S. Rodermel, in preparation). During ripening, chloroplasts are converted into 
carotenoid-accumulating chromoplasts; Arabidopsis, versus tomato, does not have an 
abundant chromoplast population. 
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By contrast, we found that IM is expressed at appreciable levels in tissues whose 
plastids accumulate only small carotenoid amounts. These include amyloplasts in roots and 
etioplasts in dark-grown seedlings. Yet, IM appears to be required for the proper functioning 
of these organelles. Particularly striking is the blockage in development of im etioplasts, 
where ordered structures, but not PLBs, accumulate in the stroma. We speculate that these 
represent unassembled intermediates of the PLB, and that IM may be a redox component of 
the PLB membrane required for PLB assembly (directly or indirectly). One possibility is that 
IM is a subunit of the recently-described PLB supercomplex that mediates the light-
dependent reduction of Chlide a (Reinbothe et al., 1999). 
Further support for the idea that IM function is not limited to carotenogenesis is the 
finding that IM is up-regulated during leaf development. In Arabidopsis and other dicots, 
photosynthetic rates reach a maximum early in leaf development (usually coincident with 
leaf expansion), then progressively fall during a prolonged senescent phase in the fully-
expanded leaf (Miller et al., 1997; 2000; Gan and Amasino, 1997; A. Miller, D. Stessman, 
M. Spalding and S. Rodermel, unpublished findings). During senescence, chloroplasts are 
converted into gerontoplasts and resources are mobilized to growing parts of the plant. Both 
anabolic and catabolic processes are responsible for reductions that occur in many plastid 
components during the senescence process (Matile, 1992). The up-regulation of IM 
expression in the face of declining carotenoid production suggests that IM participates in 
oxidative activities that occur during this phase of development. 
Because all plastid types synthesize carotenoids (e.g. as precursors of ABA), the 
possibility cannot be ruled out that IM is an electron transfer component involved solely in 
carotenogenesis. Nevertheless, our data point the way toward a more global role of this 
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protein in plastid metabolism. In agreement with this hypothesis, recent evidence in 
Chlamydomonas suggests that IM serves as a terminal oxidase in chlororespiration (Coumac 
et. al., 2000). In the context of its importance in plastid metabolism and its ubiquitous 
expression in all plastid types, it is interesting that IM does not seem to be required in 
cyanobacteria, since BLAST searches show that IM (and AOX) are not present in this 
evolutionary precursor of chloroplasts. Our working hypothesis is that a plant nuclear gene 
for mitochondrial AOX duplicated, and once it acquired plastid targeting signals, it became 
functional in many plastid-types as a redox component mediating electron transfer in 
multiple pathways. 
Plastid Signals Regulate Leaf Development 
A considerable body of evidence supports the notion that the transcription of nuclear 
genes for many photosynthetic proteins is controlled by the developmental state of the plastid 
(the "plastid signal" hypothesis) (reviewed by Taylor, 1989; Susek and Chory, 1992; Leôn et 
al., 1998; Rodermel, 2001). As an example, Lhcb transcription is markedly reduced in 
carotenoid-deficient seedlings produced either by mutation or by treatment with herbicides 
that block the carotenoid biosynthetic pathway, such as norflurazon, which inhibits PDS 
activity (e.g., Mayfield and Taylor, 1984; Oelmiiller, 1989). Consistent with these 
observations, we have previously reported that the white sectors of im, which are also 
blocked at the PDS step of carotenogenesis, have reduced rates of Lhcb transcription and 
decreased Lhcb mRNA levels (Meehan et al., 1996). A number of plastid signals have been 
identified, and they have in common that they are involved (directly or indirectly) in 
photosynthesis (reviewed by Rodermel, 2001). These signals include chlorophyll 
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biosynthetic intermediates (Johanningmeier, 1988; Oster et al., 1996; Kropat et al., 1997), 
carotenoids (Corona et al., 1996), reactive oxygen intermediates (Gupta et al., 1993), and the 
redox state of the thylakoid membrane, e.g., the redox poise of plastoquinone (Maxwell et al., 
1995; Escoubas et al., 1995; Karpinski et al., 1997). The pathways by which these signals 
are transduced from the plastid to the nucleus are not understood, but Escoubas et al. (1995) 
have presented evidence that plastoquinone signaling occurs via a phosphorylation cascade. 
In addition to plastid signals that regulate the transcription of nuclear photosynthetic 
genes, plastid signals appear to control tissue and organ developmental programming. 
Identification of this type of plastid-to-nucleus signaling has come from an examination of a 
handful of pigment mutants that have alterations in leaf anatomy. These include dag of 
Antirrhinum (Chatterjee et al., 1996), del of tomato (Keddie et al., 1996), and several 
Arabidopsis mutants, including clal (Mandel et al., 1996; Estévez et al., 2000), cue 1 (Li et 
al., 1995; Streatfield et al., 1999) and pac (Reiter et al., 1994; Meurer et al., 1998). The 
white leaf tissues of these mutants have abnormal plastids that resemble undifferentiated 
proplastids, suggesting that they are blocked in early chloroplast biogenesis. These tissues 
also have altered palisade and/or spongy mesophyll cell layer organizations. The genes 
defined by these mutations have been cloned and all code for plastid proteins. While the 
functions of most of these proteins are unclear, CUE 1 codes for the plastid 
phosphoenolpyruvate/ phosphate trans locator (Streatfield et al., 1999) and CL41 codes for 
DXP synthase, an enzyme in isoprenoid biosynthesis (Mandel et al., 1996; Estévez et al., 
2000). 
In this report we found that im is similar to the other pigment mutants in that the 
white im sectors have an abnormal palisade cell layer and plastids that lack organized 
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lamellar structures. In contrast to the other mutants, the white plastids do not resemble 
proplastids, inasmuch as they are vacuolated and significantly larger (Figure 6 and Wetzel et 
al., 1994) and likely arise by photooxidation (Wu et al., 1999). Although these observations 
suggest that im is blocked later in plastid biogenesis than the other mutants, there are other 
explanations (e.g., an impairment in plastid division early in development). It is possible that 
the products of genes like IM are required independently for chloroplast biogenesis and for 
mesophyll cell development. Yet, because they are localized in the plastid, it is more likely 
that they are required for chloroplast biogenesis, and that the effects on mesophyll cell 
differentiation are a consequence of incomplete chloroplast differentiation. We conclude that 
IM is required for the functioning of a plastid-to-nucleus signaling pathway in which plastids 
transmit one or more signals (plastid developmental signals) to the nucleus to regulate leaf 
developmental programming. 
Are plastid developmental signals the same as the plastid signals that regulate 
photosynthetic gene expression? Most of the mutants with altered leaf anatomies, including 
im, do not express Lhcb mRNAs (e.g., cla 1, cue 1, dag, im). The one exception is pac, which 
has normal Lhcb mRNA levels (Reiter et al., 1994; Meurer et al., 1998). This suggests that 
the plastid signal(s) that participates in mesophyll cell differentiation is separable from the 
plastid factors involved in regulating the expression of nuclear genes for plastid proteins. 
Consistent with this notion, Lhcb transcription can be uncoupled from leaf morphology in 
mutants such as gun 1 (Susek et al., 1993; Mochizuki et al., 1996). In this case, norflurazon-
treated (white) leaf tissues of wild type or gunl have a normal anatomy, but the wild-type 
and gunl differ in their patterns of Lhcb expression—i.e., wild-type cells lack Lhcb mRNAs, 
while gunl cells express them. 
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Adaptations in the Green IM Sectors 
Our anatomical studies showed that the green leaf sectors of im are thicker than 
normal due to an enhancement in mesophyll cell size and intercellular air space volume 
(Figure 7). Analyses of fluorescence-activated cell-sorter (FACS)-purified cells previously 
demonstrated that cells from green im leaf sectors have more chlorophyll than similarly-sized 
cells from wild-type plants (Meehan et al., 1996). As illustrated in Figure 8, the im green 
sectors also have significantly elevated rates of photosynthesis on a chlorophyll basis. We do 
not yet know why this is the case, but our observations point toward a complex mechanism 
whereby the photosynthetic potential of the im green sectors is enhanced to compensate for a 
lack of photosynthesis in the white sectors. We also found that the green im cells have 
significantly higher chlorophyll a/b ratios than wild-type cells under normal light conditions. 
High chlorophyll a/b ratios are typically found in "sun" versus "shade" plants and are 
indicative of smaller light harvesting complexes and/or an altered stoichiometry of PSI and 
PSII (reviewed by Stitt, 1991). These are typically adaptations to avoid light stress. Our 
working hypothesis is that a lack of IM gives rise to morphological and biochemical 
adaptations in the green sectors that make the leaf more "sun'Mike, perhaps as a way to avoid 
photooxidative damage. 
Materials and Methods 
Plant Material and Growth Conditions 
Seeds from wild-type Arabidopsis thaliana (Columbia ecotype) and the spotty allele 
of immutans (im) (Wetzel et al., 1994) were germinated and grown at 25°C under continuous 
illumination, either at 100 |imol-m'V (normal light; NL) or at 15 nmol-m'V (low light; 
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LL). Samples were collected from various tissues and organs from 4-5 wk old plants. To 
measure root lengths, wild-type and im seeds were plated on MS medium (pH 5.7) 
supplemented with 1 % sucrose. Before plating, the seeds were surface sterilized for 1 min in 
70% ethanol, 10 min in 5% NaCl, and washed 5X for 1 min each with sterile distilled water. 
The plates were incubated in a vertical position under normal or low light conditions or in 
continuous darkness. 
RNA and Pigment Analyses 
Total RNA isolation and RNA gel blot analyses were performed according to 
procedures described previously (Wetzel et al., 1994). The formaldehyde gels contained 
equal amounts of RNA per gel lane. The blots were probed with an IM cDNA (Wu et al., 
1999). The analyses were repeated twice to confirm the reproducibility of the results. 
Pigment extractions and calculations of pigment concentrations were performed essentially 
as described by Lichtenthaler (1987). Leaf tissues were extracted with several changes of 
95% ethanol in the dark at 4*C, and absorbance measurements were made at 664nm, 649nm 
and 470nm. 
IM Promoter: GUS Fusion Constructs 
Transgenic Arabidopsis were generated that contained either an IM promoter: GUS 
fusion or a cauliflower mosaic virus (CaMV) 35S promoter: GUS fusion. The IM promoter: 
GUS fusion was derived from the binary plasmid, pPZPZIMGUS. To generate 
pPZP/IMGUS, an -2.1 kb Smal/EcoRI fragment of pBI121 (Clontech, Palo Alto, CA), 
which contains the GUS gene (Jefferson et al., 1987) fused to the nos terminator, was 
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subcloned into pPZP211 (Hajdukeiwicz et al., 1994), a binary vector that contains the NPTII 
gene driven by the 35S promoter. This gave rise to pPZP/GUS. The IM promoter is a 
Bcll/Xbal fragment that includes a portion of the N-terminal transit sequence of IM (25 
amino acids) and ~3 kb of upstream sequence (Fig. 3). It was subcloned from a Ler lambda 
genomic library (Voytas et al., 1990) and inserted as a Pstl/Xbal fragment into pPZPGUS. 
The resulting construct (pPZP/IMGUS) is a translational fusion between the -25 amino acids 
of the transit sequence and the GUS protein. The 35S promoter-GUS fusion sequence was 
derived from the binary plasmid, pPZP/35SGUS. In this construct, the Xbal/SacI GUS-
containing sub-fragment of pPZPGUS was replaced by the 2.7 kb Pstl/SacI sub-fragment of 
pBI121, which contains the GUS gene fused to the 35S promoter. 
pPZP/IMGUS and pPZP/35SGUS were introduced into the Agrobacterium strain 
C58CI by electroporation, and flowering Arabidopsis plants (Columbia ecotype) were 
transformed by the floral dip method (Clough et al., 1998). After flowering, the T1 seeds 
were collected and germinated on selective MS medium (50 ng/ml kanamycin). Forty-two 
T1 lines of the IM promoter: GUS fusion were screened for the presence of the foreign DNA 
by Southern hybridization (procedures described in Wetzel et al., 1994), and 5 lines were 
identified with single-copy T-DNA insertions at different sites in the genome. Each of these 
contained an intact reporter gene fusion. Similar procedures were carried out with the 35S 
promoter: GUS lines. Two T1 lines were identified that had single intact inserts. 
GUS activity assays were conducted on transgenic plants with a single IM promoter: 
GUS insertion. For these assays, T2 seeds were sown on MS plates in the dark for two days 
at 4°C. To obtain etiolated seedlings, the plates were maintained in darkness for another 4 
days, but at 22°C. To obtain light-grown seedlings, the plates were transferred from the cold 
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to a growth chamber (100 gmol m " s ' continuous illumination, 22°C). To obtain mature 
plants, the seedlings were transplanted to soil then maintained in a growth chamber. Plants 
of different developmental stages were collected and analyzed for GUS activity as described 
by Horvath et al. (1993). In some experiments, the stained plant tissues were embedded in 4 
% agarose, and sections (-50 |im) were examined by light microscopy. 
Light and Electron Microscopy 
For TEM, cotyledon and root samples were obtained from 7-day-old seedlings grown 
on MS medium under either normal light conditions or darkness. The samples were fixed, 
stained, and examined as in Homer and Wagner (1980). Samples for light microscopy were 
obtained from fully-expanded leaves or roots from wild-type and im plants grown under 
normal light conditions in the growth chamber. They were cut into 1 mm pieces, vacuum 
infiltrated with fixative (1% paraformaldehyde and 2% glutaraldehyde), then incubated 
overnight at 4°C. After washing in 0.1 M cacodylate buffer, the samples were dehydrated 
through an ethanol series and embedded in Spurr's resin. Sections (1.5 gm) were attached to 
glass slides, stained with 1% toluidine blue and observed in bright field with a light 
microscope (Leitz Orthoplan). 
Measurements of Oxygen Evolution 
Leaves from 4-5 wk old wild-type and im plants grown under normal and low light 
conditions were used for oxygen evolution experiments as described by (Van and Spalding, 
1999). The leaves were cut into 1-2 mm size pieces and half of the sample was immersed 
into 1 ml of 10 mM NaHCOr After vacuum infiltration for 15 min, the sample was placed 
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in a Clark 02 electrode chamber and 02evolution was measured under 500 gmol m" s 'of 
incident light at 25°C. The other half of the leaf sample was used for chlorophyll 
determinations. 
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FIGURES 
Figure 1. Growth of wild-type and im. Plants were maintained under low light conditions 
(15 p.mol m " s ') and photographed 8 wks after germination. The wild-type has an average of 
four true leaves and im an average of two true leaves. The seeds germinated at the same time. 
Figure 2. Root growth in wild-type and im. Root lengths were measured after four days of 
growth on MS medium supplemented with 1% sucrose. The plants were grown under 
normal light (100 gmolm" s '); low light (15 gmol-m'-s '); and in darkness. Each data point 
represents an individual plant. 
Figure 3. pPZP/IMGUS, the IM promoter: GUS fusion construct. pPZP/IMGUS contains 
an -3 kb upstream region of IM fused to the GUS glucuronidase) gene and nos 
terminator. The selectable marker is an NPTII gene fused to 35S promoter/noj terminator 
elements. Twenty-five amino acids in the fusion protein are from the IM protein (Wu et al., 
1999). RB, right border; LB, left border. 
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Figure 4. Expression patterns of the IM promoter: GUS transgene during development. 
A.. 1 day-old light-grown seedlings. 
B. 7 day-old light-grown seedling. 
C. Dark field microscopy of a 4 day-old etiolated seedling (5X objective). 
D. 4 day-old etiolated seedling (35S promoter: GUS fusion) (5X objective). 
E. Cross-section of a shoot meristem of a 10 day-old light-grown seedling (25X objective). 
F and G. Cross-sections of first true leaves of 10 day-old light-grown seedlings (10X and 
25X objectives, respectively). 
H 6 week-old rosette. 
I. Bolt from a flowering plant. 
J. Cross-section of a hypocotyl of a 10 day-old light-grown seedling (25X objective). 
K. Root tip of a 10 day-old light-grown seedling. 
L. Dark field microscopy of a flower (5X objective). 
M. Young seeds. 
AM: Apical meristem; AT: Anther; COT: Cotyledon; EP: Epidermis; GC: Guard cell; GT: 
Ground tissues; HC: Hypocotyl; MC: Mesophyll cell; VT: Vascular tissues; TR: Trichome. 
Figure 5. Expression analysis of IM mRNA and pigment levels in Arabidopsis. 
A. RNA gel blot analyses were performed as described in Materials and Methods. The 
RNA gel is stained with ethidium bromide to show rRNA's (loading control). The blot was 
probed with a radiolabeled IM cDNA (Wu et al., 1999). 
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B. Total carotenoids and chlorophylls were extracted from Arabidopsis as described in 
Materials and Methods. Values are an average of three separate experiments ± SD. The 
samples in A & B are from 4-5 wk old plants grown under normal light conditions (100 
Hmol-m'V), with the exception of the samples from dark-grown seedlings (ET). RT, Root; 
ST, Stem; SL, Green silique; FR, Flowers (petals + green sepals); ET, 7-day-old etiolated 
seedling (cotyledon + hypocotyl); ET(H), Hypocotyls from 7-day old etiolated seedlings; 
CO, 7-day-old cotyledon; YL, young leaf (5 mm length); FL, just fully-expanded leaf (40 
mm length); OL, senescing, late-fully expanded leaf. 
Figure 6. Plastid ultrastructure. Wild-type and im seedlings were grown on MS plates for 7 
days under normal light conditions (A, B, C, D) or in darkness (E, F). 
A. Chloroplast from a wild type cotyledon (Bar = 500nm) 
B. Chloroplast from an im cotyledon (Bar = 500nm) 
C. Amyloplast from a wild-type root (Bar = 200nm) 
D. Amyloplast from an im root (Bar = 200nm) 
E. Etioplast from a wild-type cotyledon (Bar = 200nm) 
F. Etioplast from an im cotyledon (Bar = 200nm) 
Figure 7. Light microscopy of fully-expanded leaves from wild-type and im plants grown 
under normal light conditions. A magnification of 25X applies to all panels. The white 
sectors stain less intensely than green sectors because their plastids are deficient in internal 
structures. 
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A. Wild-type. 
B. Green leaf sector of im. 
C. White leaf sector of im. 
D. Adjacent green and white sectors of im. 
Figure 8. Photosynthetic oxygen evolution and chlorophyll a/b ratios in wild-type leaves 
and im green leaf sectors. Plants were grown under normal light (100 ^mol-m'-s ') or low 
light (15 (imol-m'V). Oxygen evolution (A) and chlorophyll a/b ratios (B) were determined 
as described in Materials and Methods. Each graph represents an average +/- SD of three 
different leaf samples for each illumination condition. 
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CHAPTER 5. GENERAL SUMMARY 
General Conclusion 
Growth response to low R:FR in Populus alba 
The photosynthetic pigments absorb red (R) light preferentially, but reflect or 
transmit far-red (FR) light, which reduces the R:FR photon ratio below 1.0 and acts as a 
signal for detection of neighbors (Ballaré et al., 1987, 1990, 1994; Ritchie, 1997; Smith et al., 
1990; Smith and Whitelam, 1997). Although many studies have been performed on the 
response to the different R:FR light conditions, most of the data are from herbaceous plants. 
In this study, we used two different filter systems to analyze the effect of R:FR ratio on the 
stem elongation and other growth traits in young white aspen Populus alba clone 'Bolleana'. 
Trees grown inside clear chambers (R:FR < 1.0) were 27% taller than trees grown inside the 
FR filter chambers (R:FR > 3.0). Stem taper of clear chamber trees was 16% less than the 
FR filter trees. Low R:FR also induced 22% more stem dry weight and 13% greater petiole 
length per leaf compared to the FR filter trees. However, other traits, such as leaf number 
increment, leaf area, and each dry weight (leaf, petiole and root) showed no significant 
differences. The combined dry weight of leaf, stem and petiole was not significantly 
different between treatment. This suggests that elongated stem growth was due to enhanced 
allocation of resources to stem intemode elongation at the expense of other growth centers, 
not the result of increased photosynthesis. This study provides clear evidence that 
competition condition (low R:FR) alters tree biomass allocation to stem elongation. 
However, this study was performed using the trees in juvenile stage, which might respond 
129 
differently at older ages. This phenomenon is common in other physiological processes. 
Therefore, further experiments with plants of various ages need to be conducted. 
ghost and immutans 
The ghost (gh) and immutans (im) variegation mutants of tomato and Arabidopsis 
have green- and white-sectored leaves due to the action of a nuclear recessive gene. Sector 
formation is sensitive to light and temperature. The white sectors of both mutants 
accumulate phytoene, a colorless carotenoid intermediate. IM codes for a chloroplast 
homolog of the mitochondrial alternative oxidase (AOX), an inner mitochondrial membrane 
protein that serves as a terminal oxidase in the alternative pathway of respiration (Wu et al., 
1999). It has been hypothesized that IM functions as a component of a redox chain 
responsible for phytoene desaturase (Wu et al., 1999). Consistent with this hypothesis, IM 
was shown to have quinol oxidase activity when expressed in E.coli (Josse et al., 2000). The 
primary lesion in the gh variegation mutant has been a matter of intense speculation since its 
discovery nearly 50 years ago (Rick et al., 1969). We show that the im and gh phenotypes 
arise from mutations in orthologous genes. GH is highly expressed in plastid-types that 
accumulate high levels of carotenoids, such as chloroplasts in leaves and chromoplasts in 
developing fruit and flowers. This suggests that GH plays an important role in 
carotenogenesis. Structural analysis shows that AOX, IM and GH are RNR2 di-iron 
carboxylate proteins with perfectly conserved Fe-coordinating ligands that define a quinol-
binding catalytic site. This structural similarity with AOX is also supportive for the 
hypothesis that IM and GH are plastid quinol oxidases that act downstream from a quinone 
pool to dissipate electrons in both chloroplast and chromoplast membranes. In addition, 
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phylogenetic analyses provide evidence that AOX, IM and GH are interfacial membrane 
proteins. 
According to expression and anatomical studies in Arabidopsis, IM has a broad effect 
on plant growth and development and is required for the differentiation of multiple plastid 
types. Support for this conclusion is provided by IM promoter:GUS fusion and RNA blot 
analyses showing that the IM promoter is active and that mRNAs are expressed ubiquitously 
in Arabidopsis tissues and organs throughout development. However, IM expression levels 
do not necessarily correlate with carotenoid levels, suggesting that IM function may be not 
limited to carotenogenesis. Anatomical studies show that the green leaf sectors of im are 
thicker than normal due to enlarged mesophyll cells and that palisade cells fail to expand in 
the white sectors. These findings raise the possibility that IM is required for the functioning 
of a plastid-to-nucleus signaling pathways in which plastids transmit one or more signals to 
the nucleus to regulate leaf developmental programming. The green sectors of im have 
significantly elevated rates of photosynthesis. These changes may be a part of an adaptive 
mechanism to compensate for a lack of photosynthesis in the white leaf sectors. We 
conclude that a lack of IM causes morphological and biochemical adaptations in the green 
sectors to feed white leaf sectors and to avoid photooxidative damage. 
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